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Srolf| Uxohv iru Lq dwlrq Wdujhwlqj￿
Johqq G1 Uxghexvfk_ Oduv H1R1 Vyhqvvrqh
Iheuxdu| 4<<;
Devwudfw
Srolf| uxohv wkdw duh frqvlvwhqw zlwk lq dwlrq wdujhwlqj duh h{dplqhg lq d vpdoo pdfur0
hfrqrphwulf prgho ri wkh XV hfrqrp|1 Zh frpsduh wkh surshuwlhv dqg rxwfrphv ri h{solflw
￿lqvwuxphqw uxohv￿ dv zhoo dv ￿wdujhwlqj uxohv1￿ Wkh odwwhu/ zklfk lpso| lpsolflw lqvwuxphqw
uxohv/ pd| eh forvhu wr dfwxdo rshudwlqj surfhgxuhv ri lq dwlrq0wdujhwlqj fhqwudo edqnv1 Zh
￿qg wkdw lq dwlrq iruhfdvwv duh fhqwudo iru jrrg srolf| uxohv xqghu lq dwlrq wdujhwlqj1 Vrph
vlpsoh lqvwuxphqw dqg wdujhwlqj uxohv gr uhpdundeo| zhoo uhodwlyh wr wkh rswlpdo uxoh> rwkhuv/
lqfoxglqj vrph wkdw duh riwhq xvhg dv uhsuhvhqwlqj lq dwlrq wdujhwlqj/ gr ohvv zhoo1
41 Lqwurgxfwlrq
Lq wklv sdshu/ zh xvh d vpdoo hpslulfdo prgho ri wkh X1V1 hfrqrp| wr h{dplqh wkh shuirupdqfh
ri srolf| uxohv wkdw duh frqvlvwhqw zlwk d prqhwdu| srolf| uhjlph ri lq dwlrq wdujhwlqj1 Lq
wkh uhdo zruog/ h{solflw lq dwlrq wdujhwlqj lv fxuuhqwo| sxuvxhg lq Qhz ]hdodqg/ Fdqdgd/ wkh
X1N1/ Vzhghq/ Dxvwudold/ dqg dujxdeo| dovr lq Ilqodqg dqg Vsdlq +dowkrxjk wkh sduwlflsdwlrq ri
wkh odvw wzr lq wkh H{fkdqjh Udwh Phfkdqlvp lq wkh Hxurshdq Prqhwdu| V|vwhp udlvhv vrph
txhvwlrqv,1 Lq dwlrq wdujhwlqj lq wkhvh frxqwulhv lv fkdudfwhul}hg e| +4, d sxeolfo|0dqqrxqfhg
qxphulfdo lq dwlrq wdujhw +hlwkhu lq wkh irup ri d wdujhw udqjh/ d srlqw wdujhw/ ru d srlqw
wdujhw zlwk d wrohudqfh lqwhuydo,/ +5, d iudphzrun iru srolf| ghflvlrqv zklfk lqyroyhv frpsdulqj
WWklv sdshu zdv suhsduhg iru wkh QEHU Frqihuhqfh rq Prqhwdu| Srolf| Uxohv/ Mdqxdu| 49￿4:/ 4<<;1 Zh wkdqn
Mdphv Vwrfn/ Iuhghulf Plvknlq/ dqg rwkhu frqihuhqfh sduwlflsdqwv iru frpphqwv1 Wkh sdshu zdv dovr suhvhqwhg dw
wkh Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr0Fhqwhu iru Hfrqrplf Srolf| Uhvhdufk/ Vwdqirug Xqlyhuvlw|/ frqihuhqfh
rq Fhqwudo Edqn Lq dwlrq Wdujhwlqj/ Pdufk 9￿:/ 4<<;1 Zh wkdqn Ehq Ehuqdqnh/ Fduo Zdovk/ dqg rwkhu frqihuhqfh
sduwlflsdqwv iru frpphqwv1 Sduw ri wkh sdshu zdv zulwwhq zkhq Oduv Vyhqvvrq ylvlwhg Uhvhuyh Edqn ri Qhz
]hdodqg dqg Ylfwruld Xqlyhuvlw| ri Zhoolqjwrq1 Kh wkdqnv wkhvh lqvwlwxwlrqv iru wkhlu krvslwdolw|1 Wkh ylhzv
h{suhvvhg lq wkh sdshu gr qrw qhfhvvdulo| uh hfw wkh ylhzv ri wkh Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ wkh
Ihghudo Uhvhuyh V|vwhp/ ru wkh Uhvhuyh Edqn ri Qhz ]hdodqg1 Zh wkdqn Fkduorwwd Jurwk dqg Khdwkhu Ur|hu iru
uhvhdufk dvvlvwdqfh/ dqg Fkulvwlqd Oøqqeodg iru vhfuhwduldo dqg hglwruldo dvvlvwdqfh1
_Johqq1UxghexvfkCvi1iue1ruj/ kwws=22zzz1iuevi1ruj2hfrquvufk2/ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr1
hOduv1VyhqvvrqCllhv1vx1vh/ kwws=22zzz1llhv1vx1vh2ohrvyhq2/ Lqvwlwxwh iru Lqwhuqdwlrqdo Hfrqrplf Vwxglhv/ Vwrfn0
krop Xqlyhuvlw|> FHSU> dqg QEHU1dq lq dwlrq iruhfdvw wr wkh dqqrxqfhg wdujhw/ wkxv/ surylglqj dq ￿lq dwlrq0iruhfdvw wdujhwlqj￿
uhjlph iru srolf| zkhuh wkh iruhfdvw vhuyhv dv dq lqwhuphgldwh wdujhw +fi1 Kdogdqh ^6;‘/ Nlqj ^78‘/
dqg Vyhqvvrq ^:4‘,/ dqg +6, d kljkhu0wkdq0dyhudjh ghjuhh ri wudqvsduhqf| dqg dffrxqwdelolw|14
Zh prgho dq lq dwlrq0wdujhwlqj srolf| uhjlph xvlqj orvv ixqfwlrqv ryhu srolf| jrdov1 Lq rxu
orvv ixqfwlrqv/ lq dwlrq wdujhwlqj dozd|v lqyroyhv dq dwwhpsw wr plqlpl}h ghyldwlrqv ri lq dwlrq
iurp wkh h{solflw lq dwlrq wdujhw1 Lq dgglwlrq/ krzhyhu/ rxu lq dwlrq wdujhwlqj orvv ixqfwlrqv dovr
doorz frqfhuqv derxw uhdo rxwsxw +ru pruh suhflvho| derxw wkh yduldelolw| ri rxwsxw ehfdxvh wkh
qdwxudo udwh k|srwkhvlv lv dvvxphg,1 Wkdw lv/ zh zrxog dujxh wkhuh lv qr qhfhvvdu| frqqhfwlrq
ehwzhhq wkh vshfl￿fdwlrq ri wkh orvv ixqfwlrq +rwkhu wkdq wkdw lq dwlrq yduldelolw| pxvw hqwhu
zlwk d qrq0qhjoljleoh zhljkw, dqg wkh vshfl￿fdwlrq ri dq lq dwlrq0wdujhwlqj srolf| uhjlph15 Iru
vxssruw ri wklv ylhz/ vhh/ iru h{dpsoh/ wkh uhfhqw glvfxvvlrq e| Ilvfkhu ^5<‘/ Nlqj ^79‘/ Wd|oru ^:;‘
dqg Vyhqvvrq ^:3‘ lq Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘16 Wkxv/ zh lqwhusuhw lq dwlrq
wdujhwlqj dv frqvlvwhqw zlwk d frqyhqwlrqdo txdgudwlf orvv ixqfwlrq/ zkhuh lq dgglwlrq wr wkh
yduldelolw| ri lq dwlrq durxqg wkh lq dwlrq wdujhw wkhuh lv vrph zhljkw rq wkh yduldelolw| ri wkh
rxwsxw jds17
Lq h{dplqlqj srolf| uxohv wkdw duh frqvlvwhqw zlwk lq dwlrq wdujhwlqj/ zh frqvlghu wzr eurdg
fodvvhv ri uxohv= lqvwuxphqw uxohv dqg wdujhwlqj uxohv1 Dq h{solflw lqvwuxphqw uxoh h{suhvvhv wkh
prqhwdu| srolf| lqvwuxphqw dv dq h{solflw ixqfwlrq ri dydlodeoh lqirupdwlrq1 Zh h{dplqh erwk
rswlpdo xquhvwulfwhg lqvwuxphqw uxohv +d wudglwlrq wkdw jrhv edfn dw ohdvw wr Wd|oru ^:9‘> uhfhqw
frqwulexwlrqv lqfoxgh Eodnh dqg Zhvwdzd| ^;‘, dv zhoo dv rswlpdo vlpsoh ru uhvwulfwhg lqvwuxphqw
uxohv/ zklfk lqyroyh rqo| d ihz sdudphwhuv ru dujxphqwv +iru lqvwdqfh/ fxuuhqw lq dwlrq dqg
rxwsxw dv lq Wd|oru*v ^::‘ uxoh,1 Krzhyhu/ qr fhqwudo edqn/ zkhwkhu lq dwlrq0wdujhwlqj ru qrw/
iroorzv dq h{solflw lqvwuxphqw uxoh +xquhvwulfwhg ru vlpsoh,1 Hyhu| fhqwudo edqn xvhv pruh
lqirupdwlrq wkdq wkh vlpsoh uxohv duh edvhg rq/ dqg qr fhqwudo edqn zrxog yroxqwdulo| uhvwulfw
lwvhoi wr uhdfw phfkdqlfdoo| lq d suhghvfulehg zd| wr qhz lqirupdwlrq1 Wkh uroh ri xquhvwulfwhg
4 Wkh udslgo| lqfuhdvlqj olwhudwxuh rq lq dwlrq wdujhwlqj lqfoxghv wkh frqihuhqfh yroxphv Ohlghupdq dqg
Vyhqvvrq ^7;‘/ Kdogdqh ^69‘/ Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘/ dqg Orzh ^83‘1 Vhh dovr wkh vxuyh| e|
Ehuqdqnh dqg Plvknlq ^7‘1
5 Rqh pd| dujxh/ wkrxjk/ wkdw wkh kljk ghjuhh ri wudqvsduhqf| dqg dffrxqwdelolw| vhuyhv wr lqfuhdvh wkh
frpplwphqw wr plqlpl}lqj wkh orvv ixqfwlrq/ dqg wr hqvxuh wkdw dq| frqfhuq derxw wkh uhdo hfrqrp| lv frqvlvwhqw
zlwk wkh qdwxudo udwh k|srwkhvhv dqg wkhuhiruh uhgxfhv/ ru holplqdwhv/ dq| lq dwlrq eldv1
6 Dv glvfxvvhg lq Vyhqvvrq ^:6‘/ frqfhuqv derxw wkh vwdelolw| ri wkh uhdo hfrqrp|/ prgho xqfhuwdlqw|/ dqg
lqwhuhvw udwh vprrwklqj doo kdyh vlplodu h￿hfwv xqghu lq dwlrq wdujhwlqj/ qdpho| d pruh judgxdolvw srolf|1 Wkxv/
li lq dwlrq lv dzd| iurp wkh lq dwlrq wdujhw/ lw lv eurxjkw edfn wr wdujhw pruh judgxdoo| +￿ h{leoh￿ udwkhu wkdq
￿vwulfw￿ lq dwlrq wdujhwlqj/ wkh lq dwlrq iruhfdvw klwv wkh wdujhw dw d krul}rq wkdw lv orqjhu wkdq wkh vkruwhvw
srvvleoh,1 Vyhqvvrq ^:5‘ dujxhv wkdw doo lq dwlrq0wdujhwlqj fhqwudo edqnv lq sudfwlfh ehkdyh lq wklv zd|/ srvvleo|
zlwk gl￿hulqj zhljkwv rq wkh gl￿huhqw uhdvrqv iru grlqj vr1
7 Ehfdxvh lq dwlrq0wdujhwlqj fhqwudo edqnv/ olnh rwkhu fhqwudo edqnv/ dovr vhhp wr vprrwk lqwhuhvw udwhv/ rxu
orvv ixqfwlrq dovr lqfoxghv vrph zhljkw rq wkh yduldelolw| ri lqwhuhvw udwh fkdqjhv1
5ru vlpsoh h{solflw lqvwuxphqw uxohv lv dw ehvw wr surylgh d edvholqh dqg frpsdulvrq wr wkh srolf|
dfwxdoo| iroorzhg1
D wdujhwlqj uxoh pd| eh forvhu wr wkh dfwxdo ghflvlrq iudphzrun xqghu lq dwlrq wdujhwlqj1
Lw lv uhsuhvhqwhg e| wkh dvvljqphqw ri d orvv ixqfwlrq ryhu ghyldwlrqv ri d jrdo yduldeoh iurp d
wdujhw ohyho/ ru ghyldwlrqv ri dq lqwhuphgldwh wdujhw yduldeoh iurp dq lqwhuphgldwh wdujhw ohyho +fi1
Urjr￿ ^95‘/ Zdovk ^:<‘ dqg Vyhqvvrq ^:4‘ dqg ^:6‘,1 D wdujhwlqj uxoh/ frpelqhg zlwk d sduwlfxodu
prgho/ lv rqo| dq lpsolflw lqvwuxphqw uxoh> w|slfdoo|/ wkh htxlydohqw ri d ￿uvw0rughu frqglwlrq kdv
wr eh vroyhg lq rughu wr ￿qg wkh fruuhvsrqglqj h{solflw lqvwuxphqw uxoh1 +Iru dq lqwhuphgldwh
wdujhw yduldeoh wkdw wkh fhqwudo edqn kdv frpsohwh frqwuro ryhu/ wkh ￿uvw0rughu frqglwlrq lv wulyldo=
htxdolw| ehwzhhq wkh lqwhuphgldwh wdujhw yduldeoh dqg wkh wdujhw ohyho1, Dv dq h{dpsoh/ qrwh wkdw
rqh lqwhusuhwdwlrq ri ￿lq dwlrq0iruhfdvw wdujhwlqj￿ lv wkdw wkh srolf| lqvwuxphqw lv dgmxvwhg vxfk
wkdw d frqglwlrqdo lq dwlrq iruhfdvw +wkh lqwhuphgldwh wdujhw yduldeoh, klwv wkh lq dwlrq wdujhw
dw dq dssursuldwh krul}rq1 Frpelqhg zlwk d sduwlfxodu prgho/ wkh lqvwuxphqw wkhq ehfrphv dq
lpsolflw ixqfwlrq ri fxuuhqw lqirupdwlrq> zkhq wkh fruuhvsrqglqj v|vwhp ri htxdwlrqv lv vroyhg
iru wkh lqvwuxphqw/ wkh h{solflw lqvwuxphqw uxoh uhvxowv1 Zh vkdoo h{dplqh vhyhudo vxfk wdujhwlqj
uxohv ehorz1
Rxu dqdo|vlv surfhhgv dv iroorzv1 Vhfwlrq 5 suhvhqwv wkh hpslulfdo prgho zh xvh/ zklfk lv
d vlpsoh wzr0htxdwlrq prgho ri X1V1 rxwsxw dqg lq dwlrq/ vrphzkdw vlplodu wr wkh wkhruhwlfdo
prgho lq Vyhqvvrq ^:4‘1 Wkh prgho fdswxuhv vrph uhdolvwlf g|qdplfv +iru h{dpsoh/ prqhwdu|
srolf| dfwlrqv d￿hfw rxwsxw ehiruh lq dwlrq, lq d yhu| vlpsoh exw wudfwdeoh irup1 Vhfwlrq 6 ￿uvw
dwwhpswv wr uhgxfh wkh frqixvlrq fdxvhg e| wkh olwhudwxuh*v xvh ri wzr gl￿huhqw phdqlqjv ri
￿wdujhwlqj/￿ dqg wkhq suhvhqwv wkh gl￿huhqw lqvwuxphqw dqg wdujhwlqj uxohv zh h{dplqh1 Vhfwlrq
7 uhsruwv rxu uhvxowv/ zlwk irfxv rq rxwsxw dqg lq dwlrq yduldelolw| xqghu d odujh vhw ri ydulrxv
srolf| uxohv1 Zh ￿qgwkdwvrph vlpsoh lqvwuxphqw dqg wdujhwlqj uxohv lqyroylqjlq dwlrq iruhfdvwv
gr uhpdundeo| zhoo lq plqlpl}lqj wkh orvv ixqfwlrq +uhodwlyh wr wkh rswlpdo uxoh,1 Rwkhu srolf|
uxohv/ vrph ri zklfk duh iuhtxhqwo| xvhg lq wkh olwhudwxuh dv uhsuhvhqwlqj lq dwlrq wdujhwlqj/ gr
ohvv zhoo1 Ilqdoo|/ vhfwlrq 8 frqfoxghv1
651 Dq Hpslulfdo Prgho ri X1V1 Rxwsxw dqg Lq dwlrq
5141 Prwlydwlrq
Rxu fkrlfh ri dq hpslulfdo prgho ri rxwsxw dqg lq dwlrq lv prwlydwhg e| wkuhh frqvlghudwlrqv1
Iluvw/ zh fkrrvh d vlpsoh olqhdu prgho +dv zhoo dv txdgudwlf suhihuhqfhv ehorz,/ vr rxu dqdo|vlv
zloo eh wudfwdeoh dqg rxu uhvxowv wudqvsduhqw1 Rxu prgho frqvlvwv ri dq djjuhjdwh vxsso| htxdwlrq
+ru ￿Skloolsv fxuyh￿, wkdw uhodwhv lq dwlrq wr dq rxwsxw jds dqg dq djjuhjdwh ghpdqg htxdwlrq
+ru ￿LV fxuyh￿, wkdw uhodwhv rxwsxw wr d vkruw0whup lqwhuhvw udwh1 Reylrxvo|/ rxu prgho jorvvhv
ryhu pdq| lpsruwdqw dqg frqwhqwlrxv ihdwxuhv ri wkh prqhwdu| wudqvplvvlrqphfkdqlvp1 Vwloo/ zh
ihho wkdw wkh prgho kdv hqrxjk ulfkqhvv￿iru h{dpsoh/ lq g|qdplfv￿wr eh ri lqwhuhvw/ hvshfldoo|
zkhq mxgjhg uhodwlyh wr vrph ri wkh prghov xvhg lq suhylrxv wkhruhwlfdo glvfxvvlrqv1
Vhfrqg/ rxu prgho fdswxuhv wkh vslulw ri pdq| sudfwlfdo srolf|0rulhqwhg pdfurhfrqrphwulf
prghov1 Vrph +h1j1/ PfFdooxp ^89‘, kdyh dujxhg wkdw ehfdxvh wkhuh lv qr dfdghplf frqvhqvxv
rq wkh vwuxfwxuh ri wkh hfrqrp|/ dq| sursrvhg prqhwdu| srolf| uxoh vkrxog shuirup zhoo lq d
ydulhw| ri prghov1 Zh duh frpsohwho| v|psdwkhwlf wr wklv dujxphqw1 Zh eholhyh wkdw urexvwqhvv
wr sodxvleoh prgho yduldwlrq lv d fuxfldo lvvxh dqg rqh wkdw wklv frqihuhqfh yroxph/ wdnhq dv d
zkroh/ vkrxog surylgh vrph lqvljkw lqwr1 Krzhyhu/ zh dovr eholhyh wkdw prqhwdu| srolf| dqdo|vlv
zloo eh prvw frqylqflqj wr fhqwudo edqnhuv +zkr duh/ ri frxuvh/ dprqj wkh prvw lpsruwdqw
xowlpdwh frqvxphuv ri wklv uhvhdufk, li lw lv frqgxfwhg xvlqj prghov wkdw duh vlplodu lq vwuxfwxuh
wr wkh rqhv dfwxdoo| hpsor|hg e| fhqwudo edqnhuv1 Wkxv/ iru h{dpsoh/ dw wklv vwdjh ri dqdo|vlv/ zh
irfxv rxu dwwhqwlrq rq d prgho wkdw +4, xvhv d vkruw0whup lqwhuhvw udwh dv wkh srolf| lqvwuxphqw
zlwk qr gluhfw uroh iru prqhwdu| djjuhjdwhv/ +5, lv vshfl￿hg lq whupv ri rxwsxw jdsv iurp wuhqg
lqvwhdg ri rxwsxw jurzwk udwhv/ dqg +6, lqfoxghv d Skloolsv fxuyh zlwk dgdswlyh ru dxwruhjuhvvlyh
h{shfwdwlrqv wkdw lv frqvlvwhqw zlwk wkh qdwxudo udwh k|srwkhvlv1 Vxfk d vwuxfwxuh lv w|slfdo ri
pdq| fhqwudo edqn srolf| prghov +lqfoxglqj/ iru h{dpsoh/ wkh 44 prghov ghvfulehg lq wkh fhqwudo
edqn prgho frpsdulvrq surmhfw iru wkh Edqn iru Lqwhuqdwlrqdo Vhwwohphqwv ^6‘, dqg ehfdxvh
rxu hpslulfdo dqdo|vlv xvhv X1V1 gdwd/ zh zloo eh nhhq wr pdwfk wkh surshuwlhv ri wkh Ihghudo
Uhvhuyh*v yhqhudeoh PSV pdfurhfrqrphwulf prgho18 Ri frxuvh/ wkh dssursuldwh zd| wr prgho
h{shfwdwlrqv iru srolf| dqdo|vlv uhpdlqv sduwlfxoduo| frqwhqwlrxv +vhh/ iru h{dpsoh/ wkh hduo|
8 Lq 4<<9/ wkh IUE2XV prgho uhsodfhg wkh PSV prgho dv wkh Ihghudo Uhvhuyh Erdug*v pdlq txduwhuo| pdfur0
hfrqrphwulf prgho1 Wkh pdmru lqqrydwlrq ri wklv prgho lv lwv delolw| wr h{solflwo| prgho ydulrxv w|shv ri h{0
shfwdwlrqv lqfoxglqj prgho0frqvlvwhqw rqhv +vhh Eud|wrq dqg Wlqvoh| ^46‘,1 Vwloo/ dfurvv d udqjh ri h{shfwdwlrqv
surfhvvhv/ wkh surshuwlhv ri wkh qhz prgho duh eurdgo| vlplodu wr wkrvh ri rxu prgho1 Iru h{dpsoh/ wkh IUE2XV
prgho h{klelwv dq rxwsxw vdful￿fh udwlr ri ehwzhhq wzr dqg ￿yh/ zklfk/ dv qrwhg ehorz/ eudfnhwv rxu prgho*v
vdful￿fh udwlr ri derxw wkuhh1
7glvfxvvlrq e| Oxfdv ^85‘ dqg Vlpv ^9:‘,1 Zh duh shuvxdghg wkdw wkh lpsruwdqfh ri wkh Oxfdv
Fulwltxh lv lq odujh phdvxuh dq hpslulfdo lvvxh dv lq/ iru h{dpsoh/ Rolqhu/ Uxghexvfk/ dqg Vlfkho
^93‘1 Lq wklv uhjdug/ Ixkuhu ^66‘ whvwv dq dxwruhjuhvvlyh Skloolsv fxuyh olnh rxuv djdlqvw d iruzdug0
orrnlqj yhuvlrq dqg fdqqrw uhmhfw lw1 Pruhryhu/ pdq| srolf|pdnhuv dsshdu pruh frpiruwdeoh
zlwk wkh edfnzdug0orrnlqj yhuvlrq/ lqfoxglqj Ihghudo Uhvhuyh Jryhuqru Ph|hu ^8;‘ dqg iruphu
Ylfh0Fkdlupdq Eolqghu ^<‘1 Ilqdoo|/ lq wklv uhjdug/ lw vkrxog eh qrwhg rxu edfnzdug0orrnlqj
h{shfwdwlrqv pd| eh sduwlfxoduo| dssursuldwh gxulqj wkh lqwurgxfwlrq ri d qhz uxoh iru lq dwlrq
wdujhwlqj1 Dv vwuhvvhg e| Wd|oru ^::‘ dqg Erp￿p dqg Uxghexvfk ^43‘/ udwlrqdo h{shfwdwlrqv
pd| eh xquhdolvwlf gxulqj wkh wudqvlwlrq shulrg zkhq ohduqlqj derxw wkh qhz srolf| uxoh lv wdnlqj
sodfh1
Rxu wklug frqvlghudwlrq lq prgho vhohfwlrq lv hpslulfdo ￿w wr wkh gdwd1 Wr mxgjh zkhwkhu rxu
prgho lv deoh wr uhsurgxfh wkh vdolhqw ihdwxuhv ri wkh gdwd/ zh frpsduh lwv ￿w dqg g|qdplfv wr dq
xquhvwulfwhg YDU1 YDUv kdyh ehfrph d yhu| srsxodu wrro uhfhqwo| iru ghvfulelqj wkh g|qdplfv
ri prqhwdu| wudqvplvvlrq/ dqg wkh| duh d qdwxudo ehqfkpdun iru prgho hydoxdwlrq1 Lqghhg/ li
rqh glvolnhv wkh vwuxfwxudo lqwhusuhwdwlrq wkdw zh dwwdfk wr rxu prgho/ rqh fdq vlpso| frqvlghu
lw d uhgxfhg0irup YDU dqg vr rxu dqdo|vlv lv vlplodu lq vslulw wr Ihogvwhlq dqg Vwrfn ^63‘ ru
Fhffkhwwl ^49‘1
5151 Prgho Hvwlpdwhv
Wkh wzr htxdwlrqv ri rxu prgho duh
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zkhuh ￿| lv txduwhuo| lq dwlrq lq wkh JGS fkdlq0zhljkwhg sulfh lqgh{ +s|, lq shufhqwdjh srlqwv
dw dq dqqxdo udwh/ l1h1/ 733+oqs￿oqs|3￿,> ￿ ￿| lv irxu0txduwhu lq dwlrq lq wkh JGS fkdlq0zhljkwhg
sulfh lqgh{/ l1h1/ ￿
e￿￿
￿’f￿|3￿> l| lv txduwhuo| dyhudjh ihghudo ixqgv udwh lq shufhqwdjh srlqwv dw dq
dqqxdo udwh> ￿ ~| lv irxu0txduwhu dyhudjh ihghudo ixqgv udwh/ l1h1/ ￿
e￿￿
￿’fl|3￿> || lv wkh uhodwlyh jds
ehwzhhq dfwxdo uhdo JGS +t|, dqg srwhqwldo JGS +tW
| , lq shufhqwdjh srlqwv/ l1h1/ 433+t|￿tW
|,@tW
|1
Wkhvh ￿yh yduldeohv zhuh gh0phdqhg sulru wr hvwlpdwlrq/ vr qr frqvwdqwv dsshdu lq wkh htxdwlrqv1
Wkh ￿uvw htxdwlrq uhodwhv lq dwlrq wr d odjjhg rxwsxw jds dqg wr odjv ri lq dwlrq19 Wkh
9 Rxu vhulhv rq wkh rxwsxw jds lv hvvhqwldoo| lghqwlfdo wr wkrvh wkdw kdyh ehhq xvhg lq d ydulhw| ri Ihghudo
Uhvhuyh dqg rwkhu jryhuqphqw vwxglhv lqfoxglqj/ iru h{dpsoh/ Frqjuhvvlrqdo Exgjhw R!fh ^55‘ dqg Kdoopdq/
Sruwhu/ dqg Vpdoo ^73‘1 Rxu hvwlpdwlrq uhvxowv zhuh olwwoh fkdqjhg e| xvlqj d  h{leoh wuhqg iru srwhqwldo rxwsxw
vxfk dv d txdgudwlf wuhqg1
8odjv ri lq dwlrq duh dq dxwruhjuhvvlyh ru dgdswlyh uhsuhvhqwdwlrq ri lq dwlrq h{shfwdwlrqv/ zklfk
lv frqvlvwhqw zlwk wkh irup ri wkh Skloolsv fxuyh lq wkh PSV prgho ghvfulehg lq Eud|wrq dqg
Pdxvnrsi ^45‘1 Lq rxu hpslulfdo dqdo|vlv ehorz/ zh zloo qrw uhmhfw wkh k|srwkhvlv wkdw wkh
frh!flhqwv ri wkh irxu lq dwlrq odjv vxp wr rqh> wkxv/ zh zloo xvh dq dffhohudwlrqlvw irup ri wkh
Skloolsv fxuyh/ zklfk lpsolhv d orqj0uxq yhuwlfdo Skloolsv fxuyh1 Wkh vhfrqg htxdwlrq uhodwhv wkh
rxwsxw jds wr lwv rzq odjv dqg wr wkh gl￿huhqfh ehwzhhq wkh dyhudjh ixqgv udwh dqg dyhudjh
lq dwlrq ryhu wkh suhylrxv irxu txduwhuv￿dq dssur{lpdwh h{ srvw uhdo udwh1 Wkh wklug whup lv
d vlpsoh uhsuhvhqwdwlrq ri wkh prqhwdu| wudqvplvvlrq phfkdqlvp/ zklfk/ lq wkh ylhz ri pdq|
fhqwudo edqnv/ olnho| lqyroyhv qrplqdo lqwhuhvw udwh +h1j1/ pruwjdjh udwhv,/ h{ dqwh uhdo vkruw dqg
orqj udwhv/ h{fkdqjh udwhv/ dqg srvvleo| gluhfw fuhglw txdqwlwlhv dv zhoo1 Htxdwlrq +515, dsshduv
wr eh d zrundeoh dssur{lpdwlrq ri wkhvh ydulrxv lqwhuphgldwh wudqvplvvlrq phfkdqlvpv1
Wkh hvwlpdwhg htxdwlrqv/ xvlqj wkh vdpsoh shulrg 4<94=4 wr 4<<9=5/ duh vkrzq ehorz1 +Fr0
h!flhqw vwdqgdug huuruv duh jlyhq lq sduhqwkhvhv/ dqg wkh vwdqgdug huuru ri wkh uhvlgxdov dqg
Gxuelq0Zdwvrq vwdwlvwlfv dovr duh uhsruwhg1,
￿|n￿ @ =:3 ￿| ￿ =43 ￿|3￿ . =5; ￿|32 . =45 ￿|3￿ . =47 || . %|n￿>
+=3;, +=43, +=43, +=3;, +=36,
VH @4 = 33<> GZ @4 = <<>
||n￿ @4 = 49 || ￿ =58 ||3￿ ￿ =43 +￿ l| ￿ ￿ ￿|,.￿ | n￿>
+=3;, +=3;, +=36,
VH @3 = ;4<> GZ @5 = 38=
Wkh htxdwlrqv zhuh hvwlpdwhg lqglylgxdoo| e| ROV1: Wkh k|srwkhvlv wkdw wkh vxp ri wkh
odj frh!flhqwv ri lq dwlrq htxdov rqh kdg d s0ydoxh ri 149/ vr wklv uhvwulfwlrq zdv lpsrvhg lq
hvwlpdwlrq1;
Wkh vxevdpsoh vwdelolw| ri rxu hvwlpdwhg htxdwlrqv lv dq lpsruwdqw frqglwlrq iru gudzlqj
lqihuhqfh iurp rxu prgho￿zkhwkhu lw lv jlyhq d vwuxfwxudo ru uhgxfhg irup +YDU, lqwhusuhwd0
wlrq1 Lq sduwlfxodu/ ehfdxvh rxuv lv d edfnzdug0orrnlqj prgho/ wkh Oxfdv Fulwltxh pd| dsso|
zlwk sduwlfxodu irufh1 Wkh klvwrulfdo hpslulfdo lpsruwdqfh ri wklv Fulwltxh fdq eh jdxjhg e|
hfrqrphwulf vwdelolw| whvwv +djdlq/ vhh Rolqhu/ Uxghexvfk/ dqg Vlfkho ^93‘,1 Rxu hvwlpdwhg htxd0
wlrqv dsshdu wr hdvlo| sdvv wkhvh whvwv1 Iru h{dpsoh/ frqvlghu d vwdelolw| whvw iurp Dqguhzv ^4‘=
: Doprvw lghqwlfdo sdudphwhu hvwlpdwhv zhuh rewdlqhg e| wkh VXU dqg e| v|vwhp PO phwkrgv ehfdxvh wkh
furvv0fruuhodwlrq ri wkh huuruv lv hvvhqwldoo| }hur1
; Wklv s0ydoxh zdv rewdlqhg e| vlpxodwlqj wkh deryh lq dwlrq htxdwlrq 4333 wlphv dqg udqnlqj wkh vxp ri
frh!flhqwv iurp wkh xquhvwulfwhg Skloolsv fxuyh hvwlpdwhg iurp wkh dfwxdo gdwd +l1h1/ 1<9<, lq wkh vhw ri xquhvwulfwhg
vxpv hvwlpdwhg iurp wkh vlpxodwhg gdwd1 Wklv lv lq wkh vslulw ri Uxghexvfk ^96‘1 Iru frpsdulvrq/ wkh vlpsoh
w0whvw jlyhv d R0ydoxh ri 1751
9wkh pd{lpxp ydoxh ri wkh olnholkrrg0udwlr whvw vwdwlvwlf iru vwuxfwxudo vwdelolw| ryhu doo srvvleoh
euhdnsrlqwv lq wkh plggoh :3 shufhqw ri wkh vdpsoh1 Iru rxu hvwlpdwhg lq dwlrq htxdwlrq/ wkh
pd{lpxp olnholkrrg0udwlr whvw vwdwlvwlf lv <1:: +lq 4<:5=6,/ zkloh wkh 43 shufhqw fulwlfdo ydoxh lv
47164 +iurp wdeoh 4 lq Dqguhzv ^4‘,1 Vlploduo|/ iru wkh rxwsxw htxdwlrq/ wkh pd{lpxp vwdwlvwlf
:1;: +lq 4<;5=7,/ zkloh wkh 43 shufhqw fulwlfdo ydoxh lv 4515:1
5161 Frpsdulvrq wr rwkhu hpslulfdo hvwlpdwhv
Lw lv xvhixo wr frpsduh rxu prgho zlwk rwkhu hpslulfdo hvwlpdwhv lq rughu wr jdxjh lwv sodxvlelolw|
dqg lwv frqiruplw| wr fhqwudo edqn prghov1 Iurp wkh shuvshfwlyh ri prqhwdu| srolf|/ wkhuh duh
wzr ihdwxuhv ri sduwlfxodu lqwhuhvw= +4, wkh vhqvlwlylw| ri uhdo dfwlylw| wr pryhphqwv lq wkh srolf|
lqvwuxphqw/ dqg +5, wkh uhvsrqvlyhqhvv ri lq dwlrq wr vodfn lq wkh hfrqrp|1 Wdeoh 4 surylghv
vrph hylghqfh rq erwk ri wkhvh lvvxhv zlwk d frpsdulvrq ri vlpxodwlrqv iurp rxu prgho +514,￿
+515, dqg wkh PSV prgho/ zklfk zdv xvhg uhjxoduo| lq wkh Ihghudo Uhvhuyh*v iruhfdvwlqj surfhvv
iru ryhu 58 |hduv1 Wkh h{shulphqw frqvlghuhg +dv rxwolqhg lq Vphwv ^9;‘ dqg Pdxvnrsi ^87‘,/
dvvxphv wkdw wkh Ihghudo Uhvhuyh udlvhv wkh ihghudo ixqgv udwh e| rqh shufhqwdjh srlqw iru
wzr |hduv dqg wkhq uhwxuqv wkh ixqgv udwh wr lwv ruljlqdo ohyho wkhuhdiwhu1 Wdeoh 4 uhsruwv iru
rxwsxw dqg lq dwlrq wkh dyhudjh gl￿huhqfh ehwzhhq wklv vlpxodwlrq dqg d frqvwdqw ixqgv udwh
dowhuqdwlyh lq hdfk ri wkh ￿uvw wkuhh |hduv diwhu wkh ixqgv udwh lqfuhdvh1 Wkh uhvsrqvhv ri wkh
PSV prgho dqg rxu prgho wr wklv whpsrudu| wljkwhqlqj ri prqhwdu| srolf| duh txlwh vlplodu1
Lq erwk prghov/ rxwsxw dyhudjhv doprvw 3=8 shufhqwdjh srlqw orzhu lq |hdu wzr dqg ehwzhhq
wzr0wklugv dqg 4 shufhqwdjh srlqw orzhu lq |hdu wkuhh/ zkloh lq dwlrq idoov e| derxw d txduwhu ri
d shufhqwdjh srlqw e| wkh wklug |hdu1 Erwk prghov uhtxluh derxw 616 |hduv ri d rqh shufhqwdjh
srlqw rxwsxw jds lq rughu wr lqgxfh d rqh shufhqwdjh srlqw fkdqjh lq wkh lq dwlrq udwh￿wkdw lv/
wkh| h{klelw dq rxwsxw vdful￿fh udwlr ri mxvw ryhu wkuhh1< Prvw lpsruwdqwo|/ wkh pdjqlwxgh ri
wkh olqn ehwzhhq wkh ixqgv udwh dqg lq dwlrq/ zklfk zloo eh fuxfldo iru rxu lq dwlrq0wdujhwlqj
dqdo|vlv/ lv hvvhqwldoo| wkh vdph dfurvv wkh wzr prghov143
Ilqdoo|/ lw lv dovr xvhixo wr frpsduh wkh ￿w dqg lpsxovh uhvsrqvhv ri rxu prgho wr wkrvh ri d
YDU1 Zkloh rqh pd| eh ghhso| vnhswlfdo ri wkh xvh ri YDUv iru fhuwdlq vwuxfwxudo lqyhvwljdwlrqv
< Iru frpsdulvrq/ zlwk d urxjk edfn0ri0wkh0hqyhorsh fdofxodwlrq/ Edoo +4<<7, uhsruwv dq rxwsxw vdful￿fh udwlr
iru wkh X1V1 ri 5171
43 Rxu prgho hvwlpdwhv dsshdu frpsdudeoh wr rwkhu uhfhqw vpdoo hpslulfdo vwuxfwxudo prghov ri wkh Xqlwhg
Vwdwhv/ lqfoxglqj Ixkuhu dqg Prruh ^68‘/ Fodun/ Od{wrq/ dqg Urvh ^53‘/ dqg Idlu dqg Krzuh| ^5:‘1 Wklv lv wuxh
hyhq wkrxjk wkh prghov xvh gl￿huhqw lqwhuhvw udwhv lq wkh LV fxuyh= Ixkuhu xvhv dq h{ dqwh uhdo orqj udwh/ Fodun/
Od{wrq/ dqg Urvh xvh dq h{ dqwh uhdo vkruw udwh/ dqg Idlu dqg Krzuh| xvh d qrplqdo vkruw udwh1 Lq idfw/ ryhu wkh
srvwzdu klvwrulfdo vdpsoh/ wkh irxu phdvxuhg udwhv xvhg dsshdu wr kdyh pryhg wrjhwkhu idluo| forvho|1
:+vhh Uxghexvfk ^98‘,/ wkh| fdq surylgh vlpsoh dwkhruhwlfdo vxppdulhv ri wkh jhqhudo g|qdplfv ri
wkh gdwd dqg wkxv fdq surylgh d xvhixo ehqfkpdun iru wkh ryhudoo ￿w ri d prgho1 Rxu prgho fdq
eh ylhzhg dv wzr uhvwulfwhg htxdwlrqv iurp d wulyduldwh YDU zlwk irxu odjv1 Wkh YDU rxwsxw
htxdwlrq uhjuhvvhv wkh jds rq irxu odjv ri ￿/ |/d q gl 1 Wkh YDU lq dwlrq htxdwlrq uhjuhvvhv
lq dwlrq rq wkh vdph odjv dv zhoo dv wkh frqwhpsrudqhrxv ydoxh ri wkh jds144 Wdeoh 5 frpsduhv
wkh Vfkzdu} dqg Dndlnh Lqirupdwlrq Fulwhuld +VLF dqg DLF/ uhvshfwlyho|, iru hdfk YDU htxdwlrq
zlwk wkrvh ri rxu vwuxfwxudo prgho1 Wkhvh wzr prgho vhohfwlrq fulwhuld/ zklfk duh ixqfwlrqv ri wkh
uhvlgxdo vxp ri vtxduhv/ duh gl￿huhqwldwhg e| wkhlu ghjuhhv0ri0iuhhgrp shqdow| iru wkh qxpehu ri
sdudphwhuv hvwlpdwhg1 Dv vkrzq lq wdeoh 5/ wkh vwuxfwxudo prgho*v lq dwlrq htxdwlrq lv idyruhg
ryhu wkh YDU*v lq dwlrq htxdwlrq e| erwk wkh VLF dqg wkh DLF1 Iru wkh rxwsxw htxdwlrq/ wkhuh
lv d vsolw ghflvlrq1 Wkh VLF/ zklfk pruh khdylo| shqdol}hv h{wud sdudphwhuv/ idyruv wkh vwuxfwxudo
prgho/ zkloh wkh DLF idyruv wkh YDU1 Ryhudoo/ wkh lqirupdwlrq fulwhuld gr qrw dsshdu wr ylhz
rxu vwuxfwxudo prgho uhvwulfwlrqv xqidyrudeo|1
Dv d ￿qdo frpsdulvrq ri rxu vwuxfwxudo prgho wr wkh YDU/ Iljxuh 4 vkrzv wkhlu uhvsrqvhv
wr ydulrxv vkrfnv1 Wklv h{huflvh frpsohwhv wkh YDU zlwk wkh xvxdo YDU ixqgv udwh htxdwlrq
wkdw uhjuhvvhv wkh ixqgv udwh rq irxu odjv ri wkh wkuhh yduldeohv dv zhoo dv frqwhpsrudqhrxv
ydoxhv ri wkh rxwsxw jds dqg lq dwlrq1 Wklv YDU ixqgv udwh htxdwlrq￿zlwk lwv lqwhusuhwdwlrq
dv d Ihghudo Uhvhuyh uhdfwlrq ixqfwlrq￿lv dovr dgghg dv d wklug htxdwlrq wr rxu prgho1 Wkh
lpsxovh uhvsrqvhv ri wklv vwuxfwxudo v|vwhp duh vkrzq dv vrolg olqhv lq ￿jxuh 4/ zkloh wkh xvxdo
YDU lpsxovh uhvsrqvhv duh vkrzq dv orqj0gdvkhg olqhv dorqj zlwk wkhlu <8 shufhqw frq￿ghqfh
lqwhuydov dv vkruw0gdvkhg olqhv1 Ehfdxvh wkh ixqgv udwh uhdfwlrq ixqfwlrq htxdwlrq lv lghqwlfdo
dfurvv wkh wzr v|vwhpv/ dq| gl￿huhqfhv lq g|qdplfv duh dwwulexwdeoh wr wkh vwuxfwxudo prgho
uhvwulfwlrqv rq wkh rxwsxw dqg lq dwlrq htxdwlrqv1
Iljxuh 4 vxjjhvwv wkdw wkhvh uhvwulfwlrqv gr qrw juhdwo| dowhu wkh g|qdplfv ri wkh prgho
uhodwlyh wr dq xquhvwulfwhg YDU1 Lq uhvsrqvh wr d srvlwlyh ixqgv udwh vkrfn/ rxwsxw dqg lq dwlrq
ghfolqh lq d vlplodu pdqqhu lq hdfk v|vwhp145 Dovr/ d srvlwlyh rxwsxw vkrfn shuvlvwv ryhu wlph dqg
errvwv lq dwlrq lq d olnh idvklrq lq erwk prghov1 Rqo| iru dq lq dwlrq vkrfn +wkh ohiw froxpq
ri ￿jxuh 4,/ grhv rxu prgho*v uhvsrqvhv hgjh rxwvlgh wkh YDU*v frq￿ghqfh lqwhuydov1 Wklv
glvfuhsdqf| uh hfwv rxu prgho*v rxwsxw vhqvlwlylw| wr wkh uhdo lqwhuhvw udwh/ zklfk idoov diwhu
dq lq dwlrq vkrfn ehfdxvh wkh YDU ixqgv udwh uhdfwlrq ixqfwlrq kdv vxfk dq h{wuhpho| zhdn
44 Wkxv/ rxu YDU kdv d Fkrohvn| idfwrul}dwlrq zlwk d fdxvdo rughu ri rxwsxw/ lq dwlrq/ dqg/ ￿qdoo|/ wkh ixqgv
udwh1
45 Wkhuh lv d prghvw/ lqvljql￿fdqw ￿sulfh sx}}oh￿ h{klelwhg e| wkh YDU exw qrw wkh vwuxfwxudo prgho1
;lqwhuhvw0udwh uhvsrqvh wr lq dwlrq1 Wkh lpsodxvlelolw| ri vxfk YDU uhdfwlrq ixqfwlrqv/ zklfk pl{
vhyhudo ghfdghv ri yhu| gl￿huhqw Ihghudo Uhvhuyh ehkdylru/ lv kljkoljkwhg lq Uxghexvfk ^98‘ dqg
Mxgg dqg Uxghexvfk ^77‘1 Dv vkrzq ehorz/ zlwk pruh sodxvleoh uhdfwlrq ixqfwlrqv zkhuh wkh
Ihg udlvhv wkh ixqgv udwh e| pruh wkdq lq dwlrq vkrfn +vr wkh uhdo udwh udlvhv/ dv lq wkh Wd|oru
uxoh,/ rxwsxw zloo idoo iroorzlqj dq lq dwlrq vkrfn lq wkh vwuxfwxudo prgho1
61 Prqhwdu| Srolf| Uxohv
6141 Lqvwuxphqw Uxohv dqg Wdujhwlqj Uxohv
Dv qrwhg lq wkh lqwurgxfwlrq/ e| dq +h{solflw, lqvwuxphqw uxoh/ zh phdq wkdw wkh prqhwdu|
srolf| lqvwuxphqw lv h{suhvvhg dv dq h{solflw ixqfwlrq ri dydlodeoh lqirupdwlrq1 Fodvvlf h{dpsohv
ri lqvwuxphqw uxohv duh wkh PfFdooxp ^89‘ uxoh iru wkh prqhwdu| edvh/ ru wkh Wd|oru ^::‘ uxoh iru
wkh ihghudo ixqgv udwh1 E| d wdujhwlqj uxoh/ zh phdq wkdw wkh fhqwudo edqn lv dvvljqhg wr plqlpl}h
d orvv ixqfwlrq wkdw lv lqfuhdvlqj lq wkh ghyldwlrq ehwzhhq d wdujhw yduldeoh dqg wkh wdujhw ohyho
iru wklv yduldeoh1 Wkh wdujhwlqj uxoh zloo/ dv zh vkdoo vhh/ lpso| dq lpsolflw lqvwuxphqw uxoh1
Lq wkh olwhudwxuh/ wkh h{suhvvlrqv ￿wdujhwlqj yduldeoh {|/￿ ru ￿kdylqj d wdujhw ohyho {W iru
yduldeoh {|/￿ kdyh wzr phdqlqjv1 Dffruglqj wr wkh ￿uvw phdqlqj/ wkh h{suhvvlrqv deryh duh
xvhg lq wkh vhqvh ri ￿vhwwlqj d wdujhw iru yduldeoh {1￿46 Wkxv/ ￿kdylqj d wdujhw￿ phdqv ￿xvlqj
doo uhohydqw dydlodeoh lqirupdwlrq wr eulqj wkh wdujhw yduldeoh lq olqh zlwk wkh wdujhw/￿ ru pruh
suhflvho| wr plqlpl}h vrph orvv ixqfwlrq ryhu h{shfwhg ixwxuh ghyldwlrqv ri wkh wdujhw yduldeoh







zkhuh ￿/ 3 ?￿?4 / lv d glvfrxqw idfwru dqg H| ghqrwhv wkh h{shfwdwlrqv rshudwru frqglwlrqdo
rq lqirupdwlrq dydlodeoh lq shulrg w1 Zh zloo xvh ￿wdujhwlqj￿ dffruglqj wr wklv ￿uvw phdqlqj/
iroorzlqj/ iru lqvwdqfh/ Urjr￿ ^95‘/ Zdovk ^:<‘ dqg Vyhqvvrq ^:4‘ dqg ^:6‘1
Dffruglqj wr wkh vhfrqg phdqlqj/ ￿wdujhwlqj￿ dqg ￿wdujhwv￿ lpso| d sduwlfxodu lqirupdwlrq
uhvwulfwlrq iru wkh lqvwuxphqw uxoh/ qdpho| wkdw wkh lqvwuxphqw pxvw rqo| ghshqg rq wkh jds
ehwzhhq wkh wdujhw yduldeoh dqg wkh wdujhw ohyho +dqg odjv ri wklv jds/ dqg2ru odjv ri lwvhoi,147
46 Wklv lv lq olqh zlwk Phuuldp0Zhevwhu ^8<‘= wdujhw yw +4;6:, 4= wr pdnh d wdujhw ri> hvs wr vhw dv d jrdo 5=
wr gluhfw ru xvh wrzdug d wdujhw1
47 Vhh/ iru lqvwdqfh/ Mxgg dqg Prwoh| ^76‘/ PfFdooxp ^8:‘ dqg Ehuqdqnh dqg Zrrgirug ^8‘1 Ehuqdqnh dqg
Zrrgirug*v fulwlflvp ri Vyhqvvrq*v ^:4‘ xvh ri wkh whup ￿lq dwlrq0iruhfdvw wdujhwlqj￿ vhhpv wr wdnh wkh vhfrqg
phdqlqj ri ￿wdujhwlqj￿ iru judqwhg dqg glvuhjdug wkh ￿uvw phdqlqj +zklfk lqghhg lv wkh rqh xvhg lq ^:4‘,1
<Wkxv/ wkh lqvwuxphqw uxoh lv w|slfdoo| uhvwulfwhg wr eh
D+O,l| @ E+O,+{| ￿ {W,>
zkhuh D+O, dqg E+O, duh sro|qrpldov lq wkh odj rshudwru O1 Wr frqyh| wkh vhfrqg phdqlqj/
￿uhvsrqglqj rqo| wr {| ￿ {W￿ vhhpv pruh suhflvh1 Qrwh wkdw ￿lq dwlrq wdujhwlqj￿ dffruglqj wr
wklv vhfrqg phdqlqj/ exw qrw dffruglqj wr wkh ￿uvw phdqlqj/ pljkw fruuhvsrqg wr dq lqvwuxphqw
uxoh olnh
l| @ kl|3￿ . *+￿| ￿￿W,=
Wklv lqvwuxphqw uxoh wxuqv rxw wr shuirup pxfk zruvh wkdq rwkhu lqvwuxphqw uxohv1 Qrwh dovr
wkdw ￿lq dwlrq0iruhfdvw wdujhwlqj￿ dffruglqj wr wkh vhfrqg phdqlqj +dv lq/ h1j1/ Kdogdqh ^6:‘,/
exw jhqhudoo| qrw dffruglqj wr wkh ￿uvw phdqlqj/ pljkw eh dq lqvwuxphqw uxoh olnh
l| @ kl|3￿ . *+￿|nA￿| ￿ ￿W,>
zkhuh ￿|nA￿| ghqrwhv vrph frqglwlrqdo lq dwlrq iruhfdvw ri lq dwlrq W txduwhuv dkhdg +pruh rq
wklv ehorz,1
D wdujhwlqj uxoh iru d jrdo yduldeoh lv khqfh htxlydohqw wr kdylqj dq remhfwlyh iru wklv yduldeoh1
H{dpsohv ri vxfk uxohv duh ￿dqqxdo lq dwlrq vkdoo idoo zlwklq wkh lqwhuydo 406 shufhqw shu |hdu
rq dyhudjh dw ohdvw 6 |hduv rxw ri 7/￿ ru ￿plqlpl}h wkh h{shfwhg ydoxh ri d glvfrxqwhg vxp
ri ixwxuh zhljkwhg vtxduhg ghyldwlrqv ri dqqxdo lq dwlrq iurp 5 shufhqw shu |hdu dqg vtxduhg
rxwsxw jdsv/￿ hwf1 Zh vkdoo dvvxph dq remhfwlyh ri wkh odvw nlqg1
Vlploduo|/ d wdujhwlqj uxoh iru dq lqwhuphgldwh wdujhw yduldeoh lv htxlydohqw wr kdylqj d orvv
ixqfwlrq iru wklv lqwhuphgldwh wdujhw yduldeoh +dq lqwhuphgldwh orvv ixqfwlrq,/ zkhuh wkh wdujhw
ohyho vrphwlphv lv qrw frqvwdqw exw ghshqgv rq fxuuhqw lqirupdwlrq1 Wkh wdujhwlqj uxoh fdq
dovr eh h{suhvvhg dv dq htxdwlrq wkdw wkh wdujhw yduldeoh vkdoo ixo￿oo/ iru lqvwdqfh wkdw wkh
wdujhw ohyho iru wkh lqwhuphgldwh wdujhw lv dq h{solflw ixqfwlrq ri dydlodeoh lqirupdwlrq1 Wkh
htxdwlrq iru wkh lqwhuphgldwh wdujhw yduldeoh pd| eh lqwhusuhwhg dv d ￿uvw0rughu frqglwlrq ri dq
h{solflw ru lpsolflw orvv ixqfwlrq iru wkh jrdo yduldeoh +vhh Vyhqvvrq ^:4‘ dqg ^:6‘ iru h{dpsohv,1
Wkxv/ d wdujhwlqj uxoh lq wkh hqg h{suhvvhv wkh lqwhuphgldwh wdujhw ohyho dv d ixqfwlrq ri fxuuhqw
lqirupdwlrq1 H{dpsohv ri lqwhuphgldwh wdujhw uxohv duh ￿plqlpl}h wkh h{shfwhg ixwxuh ghyldwlrq
ri P6 jurzwk iurp wkh vxp ri d jlyhq lq dwlrq wdujhw/ d iruhfdvw ri srwhqwldo rxwsxw jurzwk/
dqg d yhorflw| wuhqg/￿ ￿nhhs wkh h{fkdqjh udwh zlwklq ￿ 5158 shufhqw edqg durxqg d jlyhq
fhqwudo sdulw|/￿ ru ￿dgmxvw wkh lqvwuxphqw vxfk wkdw wkh iruhfdvw iru lq dwlrq 70; txduwhuv dkhdg/
43frqglwlrqdo rq wkh fxuuhqw vwdwh ri wkh hfrqrp| dqg rq kroglqj wkh lqvwuxphqw dw frqvwdqw ohyho
iru wkh qh{w ; txduwhuv/ lv 5 shufhqw shu |hdu1￿ Zh vkdoo frqvlghu vrph wdujhwlqj uxohv ri wklv
odvw nlqg1
D wdujhwlqj uxoh lq d jlyhq prgho lpsolhv d sduwlfxodu lqvwuxphqw uxoh/ exw wklv lqvwuxphqw
uxoh lv lpsolflw udwkhu wkdq h{solflw1 Wkdw lv/ wkh wdujhwlqj uxoh kdv wr eh vroyhg iru wkh lqvwuxphqw
uxoh lq rughu wr h{suhvv lw dv d ixqfwlrq ri fxuuhqw lqirupdwlrq1
6151 Wkh Prgho
Ohw wkh prgho eh jlyhq e| +514, dqg +515,/ dqg ohw ￿| dqg ￿| eh l1l1g1 }hur0phdq glvwxuedqfhv zlwk
yduldqfhv ￿2
0 dqg ￿2
# dqg fryduldqfh ￿0#1 Wkh frh!flhqwv ri wkh odjjhg lq dwlrq whupv lq +514,




Lq rxu dqdo|vlv/ zh zloo lqwhusuhw ￿lq dwlrq wdujhwlqj￿ dv kdylqj d orvv ixqfwlrq iru prqhwdu|
srolf| zkhuh ghyldwlrqv ri lq dwlrq iurp dq h{solflw lq dwlrq wdujhw duh dozd|v jlyhq vrph zhljkw/
exw qrw qhfhvvdulo| doo wkh zhljkw1 Lq sduwlfxodu/ iru d glvfrxqw idfwru ￿/ 3 ?￿?4 / zh frqvlghu





zkhuh wkh shulrg orvv ixqfwlrq lv
O| @￿ ￿ 2
|.￿|2
| . ￿ +l| ￿ l|3￿,
2 > +615,
+￿| dqg ￿ ￿| duh qrz lqwhusuhwhg dv wkh ghyldwlrq iurp d frqvwdqw jlyhq lq dwlrq wdujhw,/ dqg ￿ ￿ 3
dqg ￿ ￿ 3 duh wkh zhljkwv rq rxwsxw vwdelol}dwlrq dqg lqwhuhvw0udwh vprrwklqj/ uhvshfwlyho|148
Zh zloo uhihu wr wkh yduldeohv ￿ ￿|/ ||/d q gl |￿ l | 3 ￿dv wkh jrdo yduldeohv1 Dv gh￿qhg lq Vyhqvvrq ^:6‘/
￿vwulfw￿ lq dwlrq wdujhwlqj uhihuv wr wkh vlwxdwlrq zkhuh rqo| lq dwlrq hqwhuv wkh orvv ixqfwlrq
+￿ @ ￿ @3 ,/ zkloh ￿ h{leoh￿ lq dwlrq wdujhwlqj doorzv rwkhu jrdo yduldeohv +qrq}hur ￿ ru ￿,1
Zkhq ￿ $ 4/ wkh vxp lq +614, ehfrphv xqerxqghg1 Lw frqvlvwv ri wzr frpsrqhqwv/ krzhyhu>
rqh fruuhvsrqglqj wr wkh ghwhuplqlvwlf rswlpl}dwlrq sureohp zkhq doo vkrfnv duh }hur/ dqg rqh
sursruwlrqdo wr wkh yduldqfhv ri wkh vkrfnv +vhh dsshqgl{ E,1 Wkh iruphu frpsrqhqw frqyhujhv
iru ￿ @4+ehfdxvh wkh whupv dssurdfk }hur txlfno| hqrxjk,/ dqg wkh ghflvlrq sureohp lv dfwxdoo|
48 Wkhq ￿| fdq eh lqwhusuhwhg dv wkh ghyldwlrq ri wkh ihghudo ixqgv udwh iurp wkh vxp ri wkh lq dwlrq wdujhw dqg
wkh qdwxudo uhdo lqwhuhvw udwh +wkh xqfrqglwlrqdo phdq ri wkh uhdo lqwhuhvw udwh,1
44zhoo0gh￿qhg dovr iru wkdw fdvh1 Iru ￿ $ 4/ wkh ydoxh ri wkh lqwhuwhpsrudo orvv ixqfwlrq dssurdfkhv
wkh lq￿qlwh vxp ri xqfrqglwlrqdo phdqv ri wkh shulrg orvv ixqfwlrq/ H^O|‘1 Wkhq/ wkh vfdohg orvv
ixqfwlrq +4 ￿ ￿,H|
S"
￿’f￿￿O|n￿ dssurdfkhv wkh xqfrqglwlrqdo phdq H^O|‘1 Lw iroorzv wkdw zh
fdq dovr gh￿qh wkh rswlpl}dwlrq sureohp iru ￿ @4dqg wkhq lqwhusuhw wkh lqwhuwhpsrudo orvv
ixqfwlrq dv wkh xqfrqglwlrqdo phdq ri wkh shulrg orvv ixqfwlrq/ zklfk htxdov wkh zhljkwhg vxp
ri wkh xqfrqglwlrqdo yduldqfhv ri wkh jrdo yduldeohv/
H^O |‘@Y d u^ ￿ ￿ |‘.￿ Ydu ^||‘.￿Ydu ^l| ￿ l|3￿‘ = +616,
Zh vkdoo xvh +616, dv rxu vwdqgdug orvv ixqfwlrq/ khqfh dvvxplqj wkh olplwlqj fdvh ￿ @4 =
6161 Vwdwh0vsdfh Uhsuhvhqwdwlrq
Wkh prgho +514, dqg +515, kdv d frqyhqlhqw vwdwh0vsdfh uhsuhvhqwdwlrq/
[|n￿ @ D[| . El| .y|n￿= +617,
Wkh <￿4 yhfwru [| ri vwdwh yduldeohv/ wkh <￿< pdwul{ D/w k h< ￿ 4 froxpq yhfwru E/ dqg wkh <￿4
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zkhuh h￿ +m @3 >4 >===><, ghqrwhv d 4￿< urz yhfwru/ iru m @3zlwk doo hohphqwv htxdo wr }hur/ iru
m @4 >===>< zlwk hohphqw m htxdo wr xqlw| dqg doo rwkhu hohphqwv htxdo wr }hur> dqg zkhuh h￿G&
+m?n , ghqrwhv d 4￿< urz yhfwru zlwk hohphqwv m>m .4 >===>nhtxdo wr ￿
e dqg doo rwkhu hohphqwv
htxdo wr }hur1
Ixuwkhupruh/ lw lv frqyhqlhqw wr gh￿qh wkh 6￿4y h f w r u\ |ri jrdo yduldeohv1 Lw ixo￿oov
\| @ Ff[| .F￿l|> +618,























45Wkhq wkh shulrg orvv ixqfwlrq fdq eh zulwwhq
O| @ \ ￿
|N\|> +619,
zkhuh wkh 6￿6 pdwul{ N kdv wkh gldjrqdo +4>￿>￿,dqg doo lwv r￿0gldjrqdo hohphqwv duh htxdo wr
}hur1
6171 Olqhdu Ihhgedfn Lqvwuxphqw Uxohv
Zh zloo frqvlghu wkh fodvv ri olqhdu ihhgedfn lqvwuxphqwv uxohv/ wkdw lv/ uxohv ri wkh irup
l| @ i[|> +61:,
zkhuh i lv d 4￿< urz yhfwru1 Wklv fodvv ri uxohv lqfoxghv wkh rswlpdo lqvwuxphqw uxoh +vhh ehorz,1
Iru dq| jlyhq lqvwuxphqw uxoh ri wkh irup +61:,/ wkh g|qdplfv ri wkh prgho iroorzv
[|n￿ @ P[|.y|n￿
\| @ F[|>
zkhuh wkh pdwulfhv P dqg F duh jlyhq e|
P @ D.Ei +61;,
F @ Ff . F￿i= +61<,
Iru dq| jlyhq uxoh i wkdw uhvxowv lq ￿qlwh xqfrqglwlrqdo yduldqfhv ri wkh jrdo yduldeohv/ wkh








zkhuh ￿tt lv wkh xqfrqglwlrqdo fryduldqfh pdwul{ ri wkh jrdo yduldeohv +vhh dsshqgl{ D,1
6181 Wkh Rswlpdo Lqvwuxphqw Uxoh
Zlwk +617, dqg +619,/ wkh sureohp lv zulwwhq lq d irup frqyhqlhqw iru wkh vwdqgdug vwrfkdvwlf
olqhdu uhjxodwru sureohp +fi1 Fkrz ^4:‘ dqg Vdujhqw ^99‘,1 Plqlpl}lqj +614, lq hdfk txduwhu/
vxemhfw wr +617, dqg wkh fxuuhqw vwdwh ri wkh hfrqrp|/ [|/ uhvxowv lq d olqhdu ihhgedfn uxoh iru
wkh lqvwuxphqw ri wkh irup +61:,1 Lq wkh olplw zkhq ￿ @4 / wkh rswlpdo uxoh frqyhujhv wr wkh rqh
plqlpl}lqj +616,1 Wkh h{suhvvlrq iru wkh rswlpdo lqvwuxphqw uxoh lv jlyhq lq dsshqgl{ E14:
49 Wkh wudfh ri d pdwul{ ￿/ |h@UiE￿￿/ lv wkh vxp ri wkh gldjrqdo hohphqwv ri ￿1
4: Vlqfh wkhuh duh qr iruzdug0orrnlqj yduldeohv/ zh qhhg qrw glvwlqjxlvk ehwzhhq wkh frpplwphqw dqg glvfuhwlrq
vroxwlrqv/ vlqfh wkh| duh wkh vdph1
466191 Lq dwlrq Iruhfdvwv
Jlyhq wkh odjv lq wkh prqhwdu| wudqvplvvlrq phfkdqlvp/ lq dwlrq0wdujhwlqj fhqwudo edqnv irfxv
rq lq dwlrq iruhfdvwv1 Lqghhg/ vhyhudo ri wkhvh edqnv kdyh vwduwhg wr sxeolvk lq dwlrq uhsruwv wkdw
duh frpsohwho| ghyrwhg wr ghvfulelqj wkh uhfhqw klvwru| dqg ixwxuh survshfwv iru lq dwlrq1 Wkh
dfwxdo lq dwlrq iruhfdvwv wkdw kdyh ehhq uhsruwhg kdyh idoohq lqwr wzr eurdg fdwhjrulhv ghshqglqj
rq krz prqhwdu| srolf| lv surmhfwhg iruzdug= frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvwv dqg uxoh0
frqvlvwhqw lq dwlrq iruhfdvwv1
619141 Frqvwdqw0Lqwhuhvw0Udwh Lq dwlrq Iruhfdvwv
Lq dwlrq0wdujhwlqj fhqwudo edqnv riwhq uhihu wr/ dqg uhsruw/ lq dwlrq iruhfdvwv frqglwlrqdo xsrq d
jlyhq frqvwdqw lqwhuhvw udwh1 Zh zloo fdoo vxfk iruhfdvwv frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvwv1
Vxfk lq dwlrq iruhfdvwv duh iuhtxhqwo| xvhg lq wkh iroorzlqj zd|1 Li d frqvwdqw0lqwhuhvw0udwh lq d0
wlrq iruhfdvw iru wkh fxuuhqw lqwhuhvw udwh lv deryh +ehorz, wdujhw iru d jlyhq krul}rq/ prqhwdu|
srolf| kdv wr eh wljkwhqhg +hdvhg, dqg wkh lqwhuhvw udwh lqfuhdvhg +ghfuhdvhg,1 Li wkh lq dwlrq
iruhfdvw lv rq wdujhw/ wkh fxuuhqw lqwhuhvw0udwh vhwwlqj lv ghhphg dssursuldwh1 +vhh/ iru lqvwdqfh/
Pd|hv dqg Ulfkhv ^88‘ dqg Vyhqvvrq ^:4‘,1 Vxfk iruhfdvwv/ edvhg rq d ￿{hg qrplqdo udwh/ pd|
vhhp ryhuo| vlpsolvwlf/4; exw wkh| kdyh ehhq zlgho| xvhg dw fhqwudo edqnv/ shukdsv prvw qrwdeo|
dw wkh Edqn ri Hqjodqg/ zkhuh +ehiruh rshudwlrqdo lqghshqghqfh lq 4<<:, wkh Edqn surgxfhg
vxfk iruhfdvwv ehfdxvh lw frxog qrw suhvxssrvh srolf| fkdqjhv e| wkh jryhuqphqw14<
Lq dq dwwhpsw wr uhsuhvhqw wklv/ lw lv frqyhqlhqw wr gh￿qh wkh ￿W0txduwhu0dkhdg frqvwdqw0
lqwhuhvw0udwh lq dwlrq iruhfdvw￿1 E| wklv zh phdq d iruhfdvw ri 70txduwhu lq dwlrq W ￿ 5 txduwhuv
dkhdg/ frqglwlrqdo rq d jlyhq frqvwdqw fxuuhqw dqg ixwxuh lqwhuhvw udwh +dqg rq wkh fxuuhqw vwdwh
yduldeohv [|,1 Ghqrwh wklv frqglwlrqdo iruhfdvw e| ￿ ￿|nA￿|+l,/ iru wkh jlyhq frqvwdqw fxuuhqw dqg
ixwxuh lqwhuhvw udwh l1L wl vj l y h qe |
￿ ￿ | n A￿ |+ l ,￿h ￿Ge ￿ PA3￿+D[| . El,> +6144,
zkhuh ￿ P lv d < ￿ < pdwul{ jlyhq e|
￿ P @ D. Eh. +6145,
+zh qrwh wkdw h.[|n￿ @ l|,1
4; Lqghhg/ jlyhq d orqj hqrxjk iruhfdvw krul}rq/ wkh iruhfdvwhg lq dwlrq sdwk zloo qrupdoo| eh h{sorvlyh1
4< Krzhyhu/ hyhq diwhu rshudwlrqdo lqghshqghqfh/ wkh Edqn*v iruhfdvwv kdyh dvvxphg xqfkdqjhg vkruw0whup
lqwhuhvw udwhv +vhh Eulwwrq/ Ilvkhu/ dqg Zklwoh| ^47‘,1 Vlploduo|/ lw lv rxu lpsuhvvlrq wkdw lqwhuqdo vwd￿ iruhfdvwv dw
wkh Ihghudo Uhvhuyh Erdug duh riwhq frqglwlrqhg rq d frqvwdqw ihghudo ixqgv sdwk1 Wkxv/ frqvwdqw0lqwhuhvw0udwh
iruhfdvwv pd| kdyh vrph jhqhudo dgydqwdjhv￿shukdsv/ lq hdvh ri frppxqlfdwlrq/ dv qrwhg e| Uxghexvfk ^97‘1
47Frqvlghu dovr wkh W0txduwhu0dkhdg frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvw lq txduwhu w/z k h q
wkh lqwhuhvw udwh lv khog frqvwdqw dw d ohyho htxdo wr wkdw ri wkh suhylrxv txduwhu/ l|3￿1W k l v
frqglwlrqdo lq dwlrq iruhfdvw/ wkh ￿W0txduwhu0dkhdg xqfkdqjhg0lqwhuhvw0udwh lq dwlrq iruhfdvw/￿
￿ ￿|nA￿|+l|3￿,/ ixo￿oov
￿ ￿|nA￿|+l|3￿, ￿ h￿Ge ￿ PA3￿ +D[| . El|3￿,
@ h￿Ge ￿ PA3￿ +D[| . Eh.[|,
@ h￿Ge ￿ PA[|= +6146,
619151 Uxoh0Frqvlvwhqw Lq dwlrq Iruhfdvwv
Wkhuh duh ri frxuvh pdq| rwkhu dvvxpswlrqv wkdw rqh frxog pdnh derxw prqhwdu| srolf| lq rughu
wr surgxfh lq dwlrq iruhfdvwv1 Iru h{dpsoh/ rqh frxog frqglwlrq rq d frqvwdqw uhdo lqwhuhvw udwh/
ru rqh frxog vhw wkh udwh lq hdfk ixwxuh shulrg dffruglqj wr d jlyhq uhdfwlrq ixqfwlrq iru srolf|1
Uhfhqwo|/ wkh Uhvhuyh Edqn ri Qhz ]hdodqg +vhh ^94‘, kdv pryhg eh|rqg frqvwdqw0lqwhuhvw0udwh
iruhfdvwv/ dqg vwduwhg wr uhsruw r!fldo lq dwlrq iruhfdvwv frqglwlrqdo xsrq d sduwlfxodu uhdfwlrq
ixqfwlrq1 +Wklv uhvxowv lq lq dwlrq iruhfdvwv dozd|v uhwxuqlqj wr wkh wdujhw1, Ehorz/ zh vkdoo
dovr frqvlghu d uxoh wkdw hpsor|v vxfk iruhfdvwv1
61:1 Vlpsoh Lqvwuxphqw Uxohv
E| d vlpsoh lqvwuxphqw uxoh zh phdq dq lqvwuxphqw uxoh ri wkh irup +61:,/ zkhuh wkh yhfwru i
lv uhvwulfwhg lq vrph zd|1 Zh zloo glvwlqjxlvk qr ihzhu wkdq < w|shv ri vlpsoh lqvwuxphqw uxohv
e| fkdudfwhul}lqj wkhp lq whupv ri wkuhh irupv dqg wkuhh dujxphqwv153
61:141 Wkuhh irupv
Zh frqvlghu wkuhh irupv= vprrwklqj/ ohyho dqg gl￿huhqfh> wkh odwwhu wzr duh vshfldo fdvhv ri wkh
￿uvw irup1 Wkh vprrwklqj irup/ ghqrwhg V/ lv jlyhq e|
l| @ kl|3￿ . j[| +6147,
i @ kh. . j>
zkhuh k lv d frh!flhqw dqg j l vd4 ￿ < urz yhfwru ri uhvsrqvh frh!flhqwv1 Zkhq wkh frh!flhqw
k ixo￿oov 3 ?k￿4 / wklv irup ri lqvwuxphqw uxoh lv fkdudfwhul}hg e| ￿sduwldo dgmxvwphqw/￿ ru
53 Wkh wkhru| dqg sudfwlfh ri vlpsoh srolf| uxohv lv h{dplqhg lq Fxuulh dqg Ohylq ^56‘1
48￿vprrwklqj￿ ri wkh lqvwuxphqw1 Wkh odujhu wkh frh!flhqw k/ wkh pruh vprrwklqj +wkh pruh
sduwldo wkh dgmxvwphqw,1
Uhfdoo wkdw l| lv wkh ghyldwlrq iurp wkh dyhudjh qrplqdo lqwhuhvw udwh/ zklfk lq rxu prgho
htxdov wkh vxp ri wkh lq dwlrq wdujhw +wkh dyhudjh lq dwlrq udwh, dqg wkh qdwxudo uhdo lqwhuhvw
udwh +wkh dyhudjh uhdo lqwhuhvw udwh,1 Li zh/ whpsrudulo| lq wklv sdudjudsk/ ohw doo yduldeohv ghqrwh
devroxwh ohyhov/ dqg ghqrwh wkh dyhudjh ohyho ri yduldeoh {| e| {f/ zh fdq zulwh +6147, dv
l| @ kl|3￿ .+ 4￿k , l f.j+ [ |￿[ f,
@ kl|3￿ .+ 4￿k ,+uf .￿W,.j+[ |￿[f,
@ kl|3￿ .+ 4￿k ,+uf .￿ ￿ |,.￿ j+[ |￿[f,> +6148,
zkhuh ￿ j ￿ j ￿ +4 ￿ k,h￿Ge dqg zh kdyh xvhg lf @ uf . ￿W1 Wkxv/ +6147, lv htxlydohqw wr +6148,/
zklfk lv d iuhtxhqw zd| ri zulwlqj lqvwuxphqw uxohv154
Wkh ohyho irup/ ghqrwhg O/ lv wkh vshfldo fdvh ri wkh dxwruhjuhvvlyh irup zkhq k @3 >zkhuhdv
wkh gl￿huhqfh irup/ ghqrwhg G/ lv wkh vshfldo fdvh zkhq k @ 4155
61:151 Wkuhh dujxphqwv +uhvwulfwlrqv rq j,
Zh frqvlghu wkuhh frpelqdwlrqv ri dujxphqwv +yduldeohv wkdw wkh lqvwuxphqw uhvsrqgv wr,1 Wkdw
lv/ zh frqvlghu wkuhh gl￿huhqw uhvwulfwlrqv rq wkh yhfwru j ri uhvsrqvh frh!flhqwv1 Iluvw/ zh
frqvlghu d uhvsrqvh wr ￿ ￿| dqg ||/ ghqrwhg +￿ ￿|>| |,/ zklfk lpsolhv56
j[| @ jZ￿ ￿| .j+||
j @ jZh￿Ge . j+hD>
zkhuh jZ dqg j+ duh wkh wzr uhvsrqvh frh!flhqwv1 Vhfrqg/ zh frqvlghu d uhvsrqvh wr wkh
W0txduwhu0dkhdg xqfkdqjhg0lqwhuhvw0udwh lq dwlrq iruhfdvw rqo|/ ghqrwhg +￿ ￿|nA￿|+l|3￿,,1W k l v
lpsolhv
j[| @ jZ￿ ￿|nA￿|+l|3￿,
j @ jZh￿Ge ￿ PA>
54 Fodulgd/ Jdol dqg Jhuwohu ^4<‘ dqg ^4;‘ prgho lqwhuhvw0udwh vprrwklqj dv
￿| ’ ￿￿|3￿ nE ￿3￿ ￿E7 Z| n￿ }f|￿c
zklfk lv reylrxvo| frqvlvwhqw zlwk +6148, +dv orqj dv ￿ ￿’￿ , vlqfh zh fdq lghqwli| E￿3 ￿￿￿ } deryh zlwk ￿ } lq +6148,1
55 Qrwh wkdw/ vlqfh ￿|3￿ ’ f.| ’ e.f|/ zh fdq dozd|v zulwh ￿| ’ sf| dv ￿| ’ ￿|3￿ nE s3e .￿ f |1 Wkxv/ xqohvv
}. lv uhvwulfwhg wr ixo￿oo }. ’f / wkh gl￿huhqfh irup grhv qrw lpso| dq| uhvwulfwlrq1
56 Qrwh wkdw uhvsrqglqj wr 7 Z| phdqv uhvsrqglqj wr wkh glvfuhsdqf| ehwzhhq lq dwlrq dqg wkh lq dwlrq wdujhw/
vlqfh 7 Z| lv wkh ghyldwlrq iurp wkh phdq/ dqg wkh phdq frlqflghv zlwk wkh lq dwlrq wdujhw/ vlqfh wkhuh lv qr lq dwlrq
eldv lq rxu prgho1
49zkhuh zh kdyh xvhg +6146,1 Ilqdoo|/ zh frqvlghu d uhvsrqvh wr erwk wkh W0txduwhu0dkhdg
xqfkdqjhg0lqwhuhvw0udwh lq dwlrq iruhfdvw dqg wkh rxwsxw jds/ ghqrwhg +￿ ￿|nA￿|+l|3￿,>| |,/ zklfk
lpsolhv
j[| @ jZ￿ ￿|nA￿|+l|3￿,.j +| |
j @ j Zh ￿Ge ￿ PA . j+hD=
D sduwlfxodu lqvwuxphqw uxoh lv ghqrwhg Wd/ zlwk wkh w|sh W @ V/ O/ ru G/ dqg wkh dujxphqw d
@ +￿ ￿|>| |,/+￿ ￿|nA￿|+l|3￿,, ru +￿ ￿|nA￿|+l|3￿,>| |,1E |dWd|oru0w|sh uxoh zh phdq d vlpsoh lqvwuxphqw
uxoh ri wkh irup O+￿ ￿|>| |,/
l | @j Z￿ ￿|.j +| |=
Wkh fodvvlf Wd|oru Uxoh +Wd|oru ^::‘, lv d Wd|oru0w|sh uxoh zlwk jZ @4 = 8dqg j+ @3 = 8 1 57
Zh gr qrw lqfoxgh wkh fdvh ri d uhvsrqvh wr rqo| ￿ ￿|/ j[| @ jZ￿ ￿|/ vlqfh lw frqvlvwhqwo|
shuiruphg yhu| edgo|1
61:161 Dq lqirupdwlrq odj
PfFdooxp kdv lq vhyhudo sdshuv/ iru lqvwdqfh ^8:‘/ dujxhg wkdw lw lv pruh uhdolvwlf iurp dq
lqirupdwlrq srlqw ri ylhz/ wr uhvwulfw wkh lqvwuxphqw lq txduwhu w wr ghshqg rq wkh vwdwh yduldeohv
lq txduwhu w￿ 4/
l| @ i[|3￿1
Rq wkh rwkhu kdqg/ lw fdq eh dujxhg wkdw wkh fhqwudo edqn kdv pxfk pruh lqirupdwlrq derxw
wkh fxuuhqw vwdwh lq wkh hfrqrp| wkdq fdswxuhg e| wkh ihz vwdwh yduldeohv lq wkh prgho1 Wkhq/
dvvxplqj wkdw wkh vwdwh yduldeohv lq txduwhu w duh nqrzq lq txduwhu w lv dq lpsolflw zd| ri
dfnqrzohgjlqj wklv h{wud lqirupdwlrq158 Wklv lv wkh pdlq uhdvrq zk| rxu edvholqh fdvh kdv wkh
lqvwuxphqw ghshqglqj rq wkh vwdwh yduldeohv lq wkh vdph txduwhu1
Iru frpsdudelolw| zlwk uhvxowv ri rwkhu dxwkruv/ zh qhyhuwkhohvv zrxog olnh wr eh deoh wr
uhvwulfw wkh lqvwuxphqw wr ghshqg rq vwdwh yduldeohv rqh txduwhu hduolhu1 Wkxv/ zh frqvlghu wkh
fdvh zkhq wkhuh lv uhvsrqvh wr ￿ ￿|3￿ dqg ||3￿/ ghqrwhg +￿ ￿|3￿>| |3￿,/ zlwk dqg zlwkrxw lqwhuhvw0udwh
vprrwklqj/
l| @ kl|3￿ . jZ￿ ￿|3￿ . j+||3￿1 +6149,
57 Vhh PfFdooxp ^89‘/ Eu|dqw/ Krrshu dqg Pdqq ^48‘/ Mxgg dqg Prwoh| ^76‘ dqg Khqghuvrq dqg PfNleelq ^74‘
iru rwkhu h{dpsohv ri h{solflw lqvwuxphqw uxohv1
58 Lq idfw/ rewdlqlqj d jrrg ghvfulswlrq ri wkh uhdo0wlph lqirupdwlrq vhw ri srolf|pdnhuv lv d frpsolfdwhg
dvvljqphqw +vhh Uxghexvfk ^98‘,1 Iru h{dpsoh/ vlpso| odjjlqj yduldeohv ljqruhv gdwd uhylvlrqv +vhh Glherog dqg
Uxghexvfk ^59‘,1
4:Wklv uhtxluhv vrph whfkqlfdo prgl￿fdwlrqv lq rxu vwdwh0vsdfh vhwxs/ zklfk duh ghwdlohg lq ds0
shqgl{ F1
61:171 Dq lqvwuxphqw uxoh zlwk uhvsrqvh wr d uxoh0frqvlvwhqw lq dwlrq iruhfdvw
Frqvlghu wkh iroorzlqj uxoh/
l| @ kl|3￿ . *￿|nA￿|> +614:,
zkhuh *A3dqg ￿|nA￿| +W ￿ 5, lv wkh udwlrqdo h{shfwdwlrq ri ￿|nA/ frqglwlrqdo xsrq [|/ +617,
dqg +614:,1 Wkxv/ ￿|nA￿| lv d uxoh0frqvlvwhqw lq dwlrq iruhfdvw dv ghvfulehg deryh/ dowkrxjk lq
wklv fdvh wkh uxoh ehlqj frqglwlrqhg xsrq lqfoxghv wkh iruhfdvw1 Wklv uxoh/ zkhuh wkh lqvwuxphqw
uhvsrqgv wr d uxoh0frqvlvwhqw lq dwlrq iruhfdvw/ lv qrw dq h{solflw lqvwuxphqw uxoh/ ehfdxvh lw grhv
qrw h{suhvv wkh lqvwuxphqw dv dq h{solflw ixqfwlrq ri fxuuhqw lqirupdwlrq +ru/ lq wkh frqwh{w
ri rxu prgho/ ri suhghwhuplqhg yduldeohv,1 Lw lv qrw d wdujhwlqj uxoh/ lq wkh vhqvh zh kdyh
xvhg wkh whup/ vlqfh lw lv qrw h{solflwo| uhodwhg wr vrph orvv ixqfwlrq1 Qru grhv lw h{suhvv
dq lqwhuphgldwh wdujhw ohyho dv d ixqfwlrq ri fxuuhqw lqirupdwlrq1 Wkh uxoh lv dq htxloleulxp
frqglwlrq ehfdxvh wkh uljkw vlgh ri +614:, lv hqgrjhqrxv dqg ghshqgv rq wkh uxoh lwvhoi1 Khqfh/
lw lv dq lpsolflw lqvwuxphqw uxoh1 Wkh vhoi0uhihuhqwldo/ udwlrqdo h{shfwdwlrqv qdwxuh ri wkh uxoh
frpsolfdwhv lwv dqdo|wlfdo ghulydwlrq lq whupv ri dq h{solflw lqvwuxphqw uxoh159 Krzhyhu/ wkh uxoh
uhpdlqv d vlpsoh lqvwuxphqw uxoh vlplodu lq irup wr wkh V+￿ ￿|nA￿|+l|3￿,, uxoh ghvfulehg deryh/
rqo| wkdw wkh lqvwuxphqw uhvsrqgv wr dq hqgrjhqrxv yduldeoh udwkhu wkdq d suhghwhuplqhg rqh1
Zh frqvhtxhqwo| ghqrwh wkh uxoh lq +614:, e| V+￿|nA￿|,1
Olnh wkh V+￿ ￿|nA￿|+l|3￿,, uxoh/ wkh V+￿|nA ￿|, uxoh kdv frqvlghudeoh lqwxlwlyh dsshdo/ lqdvpxfk
dv lw lpsolhv wkdw li qhz lqirupdwlrq pdnhv wkh lq dwlrq iruhfdvw dw wkh krul}rq W lqfuhdvh/
wkh lqwhuhvw udwh vkrxog eh lqfuhdvhg/ dqg ylfh yhuvd1 Hyhq ehwwhu/ krzhyhu/ V+￿|nA￿|, uxoh
xvhv dq lq dwlrq iruhfdvw wkdw fdq eh frqglwlrqhg rq d qrq0frqvwdqw lqwhuhvw0udwh sdwk1 Wkh
V+￿|nA￿|, uxoh lv vlplodu wr wkh uhdfwlrq ixqfwlrq xvhg lq Edqn ri Fdqdgd*v Txduwhu Surmhfwlrq
Prgho +TSP/ vhh iru lqvwdqfh ^54‘, dqg Uhvhuyh Edqn ri Qhz ]hdodqg*v Iruhfdvwlqj dqg Srolf|
V|vwhp +ISV/ vhh ^9‘,/ dqg lghqwlfdo wr wkh uxoh frqvlghuhg e| Kdogdqh dqg Edwlql ^6<‘ dw wklv
frqihuhqfh15: Lqghhg/ wklv uxoh dsshduv wr eh d iuhtxhqw uhihuhqfh uxoh dprqj lq dwlrq0wdujhwlqj
fhqwudo edqnv1 Lw lv +zkhq k @4 , zkdw Kdogdqh ^6:‘ fdoov ￿wkh jhqhulf irup ri wkh ihhgedfn uxoh
59 Lq htxloleulxp/ wkh udwlrqdo h{shfwdwlrqv lq dwlrq iruhfdvw ehfrphv dq hqgrjhqrxv olqhdu ixqfwlrq ri wkh
vwdwh yduldeohv +zkhuh wkh frh!flhqwv ghshqg rq wkh sdudphwhuv A/ ) dqg ￿,/ zklfk e| +614:, uhvxowv lq +61:,1
Iru A ’2 cwkh h{solflw lqvwuxphqw uxoh lv hdv| wr ghulyh1 Iru A D ￿c wkh ghulydwlrq lv pruh frpsoh{1 Wkh ghwdlov
duh surylghg lq dsshqgl{ G1
5: Lw lv dovr xvhg lq Eodfn/ Pdfnohp dqg Urvh ^:‘1
4;xqghu dq lq dwlrq wdujhw/￿ zklfk ￿hqfdsvxodwhv txlwh qhdwo| wkh rshudwlrqdo sudfwlfh ri prvw
lq dwlrq wdujhwhuv1￿
Qhyhuwkhohvv/ wkh V+￿|nA￿|, uxoh lv qrw ghulyhg dv d ￿uvw0rughu frqglwlrq ri vrph orvv ixqfwlrq
fruuhvsrqglqj wr lq dwlrq wdujhwlqj15; Wkh txhvwlrq wkhq dulvhv= Krz h!flhqw lv wklv uxoh lq
dfklhylqj dq lq dwlrq wdujhwB Wklv txhvwlrq lv sduwlfxoduo| uhohydqw ehfdxvh ri lwv xvh lq wkh lq d0
wlrq surmhfwlrqv e| wzr surplqhqw lq dwlrq0wdujhwlqj fhqwudo edqnv/ dqg e| lwv lqwxlwlyh dsshdo
wr pdq| dv uhsuhvhqwlqj jhqhulf lq dwlrq wdujhwlqj1 Frqvhtxhqwo| zh h{dplqh wkh shuirupdqfh
ri wklv uxoh zlwklq wkh iudphzrun ri rxu prgho1
61:181 Rswlpdo Vlpsoh Lqvwuxphqw Uxohv
Lq rughu wr ￿qg wkh rswlpdo vlpsoh lqvwuxphqw uxoh iru d jlyhq w|sh ri uxoh dqg zlwk d jlyhq frp0
elqdwlrq ri dujxphqwv/ zh rswlpl}h +616, ryhu j/ k/d q g*wdnlqj wkh fruuhvsrqglqj uhvwulfwlrqv
lqwr dffrxqw1
61;1 Wdujhwlqj Uxohv
61;141 Wkh Rswlpdo Wdujhwlqj Uxoh
Deryh zh kdyh qrwhg wkh h{lvwhqfh ri dq rswlpdo lqvwuxphqw uxoh1 Ri frxuvh/ wkh fruuhvsrqglqj
plqlpl}dwlrq sureohp gh￿qhv dq rswlpdo wdujhwlqj uxoh dv zhoo1 Khuh/ krzhyhu/ zh vkrz wkdw
wkh ￿uvw0rughu frqglwlrq iru dq rswlpxp fdq eh lqwhusuhwhg dv dq rswlpdo lqwhuphgldwh0wdujhwlqj
uxoh1

























@FfD￿3￿E> ￿ @4 >5 >===
5; Ehfdxvh wkh uxoh lv qrw ghulyhg dv d ￿uvw0rughu frqglwlrq/ lwv suhflvh irup lv qrw reylrxv1 Dv dowhuqdwlyhv wr
+614:, rqh fdq frqvlghu
￿| ’ ￿￿|3￿ nE ￿3￿ ￿7 Z| n)Z|nA ￿|c
ru hyhq
￿| ’ ￿￿|3￿ n }Z7 Z| n )Z|nA￿|c
zkhuh }Z lv xquhvwulfwhg1
4<dqg ohw wkh glvfrxqw idfwru ixo￿oo ￿ @ 41 Wklv lv d olqhdu uhodwlrq ehwzhhq wkh fxuuhqw dqg
frqglwlrqdoo| iruhfdvwhg ixwxuh jrdo yduldeohv/ \|n￿￿|/ ￿ @3 >4 >5 >===> frqglwlrqdo xsrq wkh fxuuhqw
lqvwuxphqw dqg wkh ixwxuh srolf|1 Wkh wdvn ri wkh prqhwdu| dxwkrulw| fdq eh ghvfulehg dv vhwwlqj
dq lqvwuxphqw lq wkh fxuuhqw txduwhu vr dv wr dfklhyh wkh uhodwlrq +614;,1 Wklv uhodwlrq fdq wkhq
eh lqwhusuhwhg dv dq lqwhuphgldwh wdujhw sdwk iru wkh iruhfdvw ri ixwxuh jrdo yduldeohv1 Wkdw lv/
wkh iruhfdvwv ri ixwxuh jrdo yduldeohv duh frqvlghuhg lqwhuphgldwh wdujhw yduldeohv1 Wkhq/ wkh
wdvn ri wkh prqhwdu| dxwkrulw| lv wr fkrrvh/ frqglwlrqdo xsrq wkh fxuuhqw vwdwh yduldeoh [|/
d fxuuhqw lqvwuxphqw l| dqg d sodq l|n￿￿| +￿ @4 > 5 >===, iru ixwxuh lqvwuxphqwv/ vxfk wkdw wkh
uhvxowlqj frqglwlrqdo iruhfdvw ri ixwxuh jrdo yduldeohv \|n￿￿| ixo￿oo wkh lqwhuphgldwh wdujhw +614;,/
zkhuh
\| @ Ff[| . F￿l|





￿ @ 4/ 5/111/ zkhuh zh kdyh xvhg wkdw





Zh qrwh wkdw wkh \|n￿￿| +￿ @3 >4 >5 >===,wkdw ixo￿oo +614;, fdq eh vhhq dv lpsxovh uhvsrqvhv ri
wkh jrdo yduldeohv iru wkh rswlpdo vroxwlrq/ iru lpsxovhv wkdw sxw wkh hfrqrp| dw lwv lqlwldo vwdwh1
Zh fdq qrz lpdjlqh d Jryhuqru ru d Erdug ri Jryhuqruv srqghulqj ryhu d vhw ri dowhuqdwlyh
fxuuhqw dqg ixwxuh lqvwuxphqw vhwwlqjv dqg dowhuqdwlyh iruhfdvwv iru wkh jrdo yduldeohv wkdw kdyh
ehhq surylghg iru frqvlghudwlrq e| wkh fhqwudo edqn vwd￿/ lq rughu wr ghflgh rq wkh fxuuhqw
lqvwuxphqw vhwwlqj1 Zkhq wkh Jryhuqru ru Erdug ri Jryhuqruv hqg xs vhohfwlqj rqh lqvwuxphqw
sdwk dqg fruuhvsrqglqj jrdo yduldeoh iruhfdvwv wkdw wkh| eholhyh duh ehvw/ wkhlu ehkdylru +li
udwlrqdo, fdq eh vhhq dv lpsolflwo| vhohfwlqj iruhfdvwv wkdw ixo￿oo +614;, iru vrph lpsolflw zhljkw
pdwul{ N lq wkhlu orvv ixqfwlrq1
Lq jhqhudo/ +614;, lqyroyhv d uhodwlrq ehwzhhq doo wkh jrdo yduldeohv1 Wkh fdvh zkhq lq dwlrq
dqg wkh rxwsxw jds duh wkh rqo| jrdo yduldeohv lv h{dplqhg lq Vyhqvvrq ^:4‘ dqg ^:6‘1 Vlqfh/ e|
wkh Skloolsv fxuyh +514,/ wkh iruhfdvw ri rxwsxw fdq eh zulwwhq dv d olqhdu ixqfwlrq ri wkh iruhfdvw
ri lq dwlrq/ wklv olqhdu ixqfwlrq fdq wkhq eh vxevwlwxwhg iru wkh rxwsxw iruhfdvw lq +614;,/ zklfk
53uhvxowv lq d uhodwlrq iru wkh iruhfdvw ri ixwxuh lq dwlrq rqo|1 Wkdw uhodwlrq fdq eh lqwhusuhwhg
dv dq lqwhuphgldwh wdujhw iru wkh lq dwlrq iruhfdvw1 Lq wkh vshfldo fdvh h{dplqhg lq Vyhqvvrq
^:4‘ dqg ^:6‘/ wkhvh uhodwlrqv iru wkh lq dwlrq iruhfdvw duh erwk vlpsoh dqg rswlpdo1 Lq wkh
jhqhudo fdvh wkhvh uhodwlrqv qhhg qrw eh rswlpdo1 Khuh zh zloo h{dplqh wkhp dv srwhqwldo vlpsoh
wdujhwlqj uxohv/ fdoohg lq dwlrq0iruhfdvw wdujhwlqj uxohv1
61;151 Vlpsoh Wdujhwlqj Uxohv
Frqvlghu wdujhwlqj uxohv iru wkh W0txduwhu0dkhdg frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvw1 Wkhvh
uxohv lpso| lpsolflw lqvwuxphqw uxohv zklfk duh qrupdoo| qrw ￿vlpsoh/￿ vlqfh wkh| qrupdoo|
ghshqg rq prvw vwdwh yduldeohv1 Zh zloo frqvlghu irxu nlqgv ri vlpsoh wdujhwlqj uxohv/ qdpho|
vwulfw dqg  h{leoh lq dwlrq0iruhfdvw wdujhwlqj/ zlwk dqg zlwkrxw vprrwklqj1
Lq Vyhqvvrq ^:4‘/ wkh iroorzlqj ￿uvw0rughu frqglwlrq iru wkh lq dwlrq iruhfdvw lv ghulyhg/ iru
wkh fdvh ri  h{leoh lq dwlrq wdujhwlqj zlwk vrph qrq0qhjdwlyh zhljkw rq rxwsxw vwdelol}dwlrq/
￿ ￿ 3/ exw }hur zhljkw rq lqwhuhvw0udwh vprrwklqj/ ￿ @3 /
￿ | n 2 ￿ |+ l |,￿￿ W@f + ￿ ,
￿
￿ | n ￿ ￿ |￿￿ W￿
=
Lq wkh prgho lq ^:4‘/ ￿|n￿￿| lv suhghwhuplqhg/ ￿|n2￿|+l|, lv wkh lq dwlrq iruhfdvw iru wkh hduolhvw
krul}rq wkdw fdq eh d￿hfwhg/ dqg f+￿, lv dq lqfuhdvlqj ixqfwlrq ri ￿/ ixo￿oolqj 3 ￿ f+￿, ? 4/
f+ 3 ,@3 /f + ￿ ,$4iru ￿ $4 1
Lq wkh suhvhqw prgho/ zh fdq frqvlghu d jhqhudol}dwlrq ri wklv iudphzrun/
￿ ￿|nA￿|+l|,@f ￿ ￿ | n￿￿|> +614<,
zkhuh f dqg W ixo￿oo 3 ￿ f?4dqg W ￿ 51 Wklv zh uhihu wr dv  h{leoh W0txduwhu0dkhdg
lq dwlrq0iruhfdvw wdujhwlqj/ ghqrwhg ILIW+W,1
Wkh h{suhvvlrq +614<, ghqrwhv d wdujhwlqj uxoh/ zkhuh wkh fruuhvsrqglqj lqvwuxphqw uxoh lv
lpsolflw1 Lq rughu wr vroyh iru wkh lqvwuxphqw uxoh/ zh xvh +6144, wr zulwh +614<, dv
h￿Ge ￿ PA3￿+D[| . El|,@fh￿GeD[|=
Wkhq wkh lpsolflw lqvwuxphqw uxoh fdq eh zulwwhq
l| @ j+f>W,[|>
zkhuh wkh urz yhfwru j+f>W, lv d ixqfwlrq ri f dqg W jlyhq e|
j+f>W, ￿
h￿Ge+fL ￿ ￿ PA3￿,D
h￿Ge ￿ PA3￿E
> +6153,
54zkhuh L lv wkh <￿< lghqwlw| pdwul{ +qrwh wkdw h￿Ge ￿ PA3￿E lv d vfdodu dqg h￿Ge+fL ￿ ￿ PA3￿,D lv
d4 ￿ <urz yhfwru,1
Vwulfw W0txduwhu0dkhdg lq dwlrq0iruhfdvw wdujhwlqj/ ghqrwhg VLIW+W,/ lv wkh vshfldo fdvh ri
+614<, zkhq f @3 >
￿ ￿ | n A￿ |+ l |,@3 = +6154,
Wkh fruuhvsrqglqj lpsolflw lqvwuxphqw uxoh lv
l| @ j+3>W,[ |> +6155,
zkhuh
j+3>W,￿￿
h ￿Ge ￿ PA3￿D
h￿Ge ￿ PA3￿E
+6156,
Qrwh wkdw wkh qxphudwru lq +6156, htxdov wkh frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvw fru0
uhvsrqglqj wr d }hur lqwhuhvw udwh/ ￿ ￿|nA￿|+3,1 Wkh ghqrplqdwru/ h￿Ge ￿ PA3￿E/ lv wkh frqvwdqw0
lqwhuhvw0udwh srolf| pxowlsolhu iru wkh 70txduwhu lq dwlrq W0txduwhuv dkhdg/ vlqfh e| +6144,
C￿ ￿|nA￿|+l,
Cl
@ h￿Ge ￿ PA3￿E= +6157,
Khqfh/ yhu| lqwxlwlyho| wkh lqvwuxphqw uxoh fruuhvsrqglqj wr vwulfw lq dwlrq0iruhfdvw wdujhwlqj





wkh qhjdwlyh ri wkh }hur0lqwhuhvw0udwh lq dwlrq iruhfdvw glylghg e| wkh frqvwdqw0lqwhuhvw0udwh
srolf| pxowlsolhu1
Zh fdq htxlydohqwo| zulwh wklv lqvwuxphqw uxoh lq whupv ri fkdqjhv lq wkh lqwhuhvw udwh1 E|
+6144, zh kdyh
￿ ￿|nA ￿|+l|, ￿ ￿ ￿|nA ￿|+l|3￿,@h ￿Ge ￿ PA3￿E+l| ￿l|3￿,=
E| +6154, zh fdq zulwh






@+ i+3>W,￿h .,[ |=
Yhu| lqwxlwlyho|/ wkh lqwhuhvw0udwh dgmxvwphqw htxdov wkh qhjdwlyh ri xqfkdqjhg0lqwhuhvw0udwh lq d0
wlrq iruhfdvw iru xqfkdqjhg lqwhuhvw udwh glylghg e| wkh frqvwdqw0lqwhuhvw0udwh srolf| pxowlsolhu1
Qrwh wkdw vwulfw lq dwlrq0iruhfdvw wdujhwlqj lpsolhv wkdw wkh lq dwlrq iruhfdvw frqglwlrqdo rq
wkh ixwxuh lqvwuxphqw uxoh +6155,/ udwkhu wkdq frqglwlrqdo rq d frqvwdqw lqwhuhvw udwh/ ghyldwhv
iurp }hur/
H|￿ ￿|nA 9@3 >
55dqg lq sudfwlfh uhdfkhv }hur odwhu wkdq W txduwhuv dkhdg1 Wklv lv dssduhqw iurp wkh lpsxovh
uhvsrqvhv iru ￿ ￿|n￿￿| xqghu vwulfw lq dwlrq0iruhfdvw wdujhwlqj1
Qrwh wkdw vwulfw W￿0txduwhu lq dwlrq0iruhfdvw wdujhwlqj pd| eh dssur{lpdwho| htxdo wr  h{leoh
W20txduwhu  h{leoh lq dwlrq0iruhfdvw wdujhwlqj/ zkhq wkh krul}rq iru vwulfw lq dwlrq wdujhwlqj
h{fhhgv wkdw ri  h{leoh lq dwlrq wdujhwlqj/ W￿ AW 21
Wkh deryh wdujhwlqj uxohv fdq eh frqvlghuhg xqghu vprrwklqj +sduwldo dgmxvwphqw, ri wkh
lqwhuhvw udwh/
l| @ kl|3￿ .+4￿k ,j+f>W,[|
i @ kh. .+4￿k, j+ f>W,>
zkhuh lw pd| eh uhdvrqdeoh wr uhvwulfw wkh vprrwklqj frh!flhqw k wr ixo￿oo 3 ￿ k?4 1 Qrwh wkdw
xqghu vprrwklqj/ k lv qrw jhqhudoo| wkh ￿qhw￿ frh!flhqw rq l|3￿/ vlqfh j.+f>W, lv jhqhudoo| qrw
}hur1 Wkhvh wdujhwlqj uxohv xqghu vprrwklqj duh ghqrwhg ILIWV+W, dqg VLIWV+W, uhvshfwlyho|1
Wkh rswlpdo lq dwlrq0iruhfdvw wdujhwlqj uxohv duh irxqg e| plqlpl}lqj wkh orvv ixqfwlrq +616,
ryhu wkh sdudphwhuv f/ k dqg W/ wdnlqj lqwr dffrxqw wkh uhvwulfwlrqv rq wkhvh dqg wkdw W ￿ 5 lv
dq lqwhjhu1 Iru lqvwdqfh/ xqghu vwulfw lq dwlrq wdujhwlqj zlwkrxw vprrwklqj/ zh kdyh f @ k @3 /
dqg wkh rqo| iuhh sdudphwhu lv W1
71 Uhvxowv
7141 Rswlpl}hg Uxohv
Lq wklv vxevhfwlrq/ zh frqvlghu wkh shuirupdqfh ri ydulrxv uxohv iru vhyhudo looxvwudwlyh fdvhv ri
gl￿huhqw suhihuhqfhv ryhu jrdo yduldeohv1 Wkh uxohv zh frqvlghu kdyh ehhq rswlpl}hg lq whupv ri
wkhlu sdudphwhu vhwwlqjv iru wkh jlyhq suhihuhqfhv dqg wkh jlyhq irup ri wkh uxoh dvvxphg1
Wdeohv 6￿: surylgh uhvxowv iru ￿yh gl￿huhqw vhwv ri suhihuhqfhv ryhu jrdov1 Lq hdfk wdeoh/
wkh yrodwlolw| ri wkh jrdo yduldeohv +phdvxuhg dv wkh xqfrqglwlrqdo vwdqgdug ghyldwlrqv,/ wkh
plqlpl}hg orvv/ dqg wkh uhodwlyh udqnlqj lq whupv ri orvv duh vkrzq iru 55 gl￿huhqw uxohv1 Orvv
lv fdofxodwhg xqghu wkh dvvxpswlrq wkdw rxwsxw dqg lq dwlrq yduldelolw| duh htxdoo| glvwdvwhixo
+￿ @ 4, lq wdeoh 6 dqg wkdw rxwsxw yduldelolw| lv pxfk ohvv frvwo| +￿ @3 = 5 , lq wdeoh 7 dqg pxfk
pruh frvwo| +￿ @8 , lq wdeoh 81 Yduldelolw| ri qrplqdo lqwhuhvw0udwh fkdqjhv duh dovr frvwo| lq
wkhvh wkuhh wdeohv +￿ @3 = 8 ,15< Yduldwlrq lq wkh frvwv ri yduldelolw| ri lqwhuhvw0udwh fkdqjhv duh
5< Vxfk frvwv duh vxjjhvwhg/ lq sduw/ e| wkh frqfhuq fhqwudo edqnv glvsod| iru ￿qdqfldo pdunhw iudjlolw| +vhh/
h1j1/ Uxghexvfk ^97‘,1
56frqvlghuhg lq wdeohv 9 +￿ @ 3=4,d q g:+ ￿@4 = 3 , +erwk dvvxplqj ￿ @4 ,1 Wkh suhihuhqfhv lq
wdeoh 6 lpso| d frqfhuq qrw rqo| derxw lq dwlrq vwdelol}dwlrq exw dovr derxw rxwsxw vwdelol}dwlrq
dqg lqwhuhvw0udwh vprrwklqj/ zklfk zh eholhyh lv uhdolvwlf iru pdq| fhqwudo edqnv/ dovr lq dwlrq0
wdujhwlqj rqhv1 Frpsdulvrq zlwk wdeohv 7￿: doorz xv wr qrwh wkh frqvhtxhqfhv ri uhodwlyho| pruh
ru ohvv hpskdvlv rq rxwsxw vwdelol}dwlrq dqg lqwhuhvw0udwh vprrwklqj1
Wkh ￿uvw uxoh dw wkh wrs ri hdfk wdeoh lv wkh xquhvwulfwhg rswlpdo frqwuro uxoh￿wkh reyl0
rxv ehqfkpdun1 Wkh rswlpdo uxoh lq wdeoh 6 surgxfhv yrodwlolw| uhvxowv qrw wrr idu iurp rxu
klvwrulfdo vdpsoh uhvxowv/ zklfk duh Vwg^￿ ￿|‘@5 = 66/V w g ^ | | ‘@5 = ;3/ dqg Vwg^l| ￿ l|3￿‘@4 = 3<1
Wkh qh{w irxu olqhv frqvlghu ohyho uxohv zlwk fxuuhqw lq dwlrq dqg rxwsxw/ O+￿ ￿|>| |,/ ixwxuh lq0
 dwlrq O+￿ ￿|nH￿|+l|3￿,,/ dqg ixwxuh lq dwlrq dqg fxuuhqw rxwsxw O+￿ ￿|nH￿|+l|3￿,>| |, dv dujxphqwv
+zkhuh wkh iruhfdvwv duh wkh ;0txduwhu0dkhdg ￿xqfkdqjhg0lqwhuhvw0udwh￿ 70txduwhu lq dwlrq iruh0
fdvw,1 Wkh qh{w wkuhh olqhv frqvlghu vprrwklqj lqvwuxphqw uxohv zlwk wkh vdph dujxphqwv1 Wkh
iroorzlqj wkuhh urzv duh iru wkh lqwhuhvw0udwh0vprrwklqj uxoh V+￿|nA￿|,/ xvlqj wkh ;0/ 450/ dqg 490
txduwhu0dkhdg uxoh0frqvlvwhqw txduwhuo| lq dwlrq iruhfdvwv1 Wkh ￿qdo wzhoyh urzv ri hdfk wdeoh
suhvhqw ydulrxv lpsolflw lq dwlrq0iruhfdvw wdujhwlqj uxohv dw krul}rqv ri ;/ 45/ dqg 49 txduwhuv1
Iru doo ri wkh uxohv +h{fhsw wkh rswlpdo rqh,/ wkh uhohydqw rswlpdo uxoh sdudphwhuv duh jlyhq lq
wkh wdeohv dv zhoo1
Wkhvh wdeohv vxjjhvw vhyhudo frqfoxvlrqv=
Iluvw/ vlpsoh lqvwuxphqw uxohv dsshdu wr eh deoh wr shuirup txlwh zhoo lq rxu prgho1 Frq0
vlvwhqwo| dfurvv wkh wdeohv/ wkh wrs shuiruplqj uxoh lv wkh V+￿ ￿|nH￿|+l|3￿,>| |, rqh/ zklfk uhdfwv wr
wkh frqvwdqw0lqwhuhvw0udwh lq dwlrq iruhfdvw dqg wkh fxuuhqw rxwsxw jds1 Lqghhg/ wkhvh vlpsoh
￿iruzdug0orrnlqj￿ Wd|oru0w|sh uxohv duh dozd|v h{wuhpho| forvh wr pdwfklqj wkh rswlpdo uxoh
lq whupv ri ryhudoo orvv1 Wklv uhvxow lv vrphzkdw vxusulvlqj jlyhq wkdw wkh lq dwlrq iruhfdvw
lqfrusrudwhg lqwr wkhvh uxohv lv vlpso| d vlqjoh ;0txduwhu0dkhdg lq dwlrq surmhfwlrq frqglwlrqhg
rq dq xqfkdqjhg lqwhuhvw0udwh sdwk1
Shukdsv hyhq pruh vxusulvlqj/ wkh fxuuhqw lq dwlrq dqg rxwsxw Wd|oru0w|sh uxohv￿O+￿ ￿|>| |,
dqg V+￿ ￿|>| |,￿duh qhduo| dv jrrg1 Sduwlfxoduo|/ lq wdeoh 6 +zlwk ￿ @4 ,/ wkhvh uxohv shuirup
zlwk rxwsxw dqg lq dwlrq jds yduldqfhv wkdw duh vlplodu wr wkrvh ri wkh rswlpdo uxoh1 Lq rughu wr
xqghuvwdqg wkh h{fhswlrqdo shuirupdqfh ri wkhvh uxohv/ lw lv lqvwuxfwlyh wr frpsduh wkh frh!flhqwv
ri wkhvh vlpsoh uxohv wr wkrvh ri wkh rswlpdo uxoh1 Wkh rswlpdo uxoh lq wdeoh 6 +wkh rswlpdo uxohv
iurp wkh rwkhu wdeohv kdyh eurdgo| vlplodu sdudphwhul}dwlrqv, kdv wkh irup
l| @ =;;￿| . =63￿|3￿ . =6;￿|32 . =46￿|3￿ .4= 63|| ￿ =66||3￿ .=7:l|3￿ ￿ =39l|32 ￿ =36l|3￿=
57Wkh O+￿ ￿|>| |, uxoh/ iru h{dpsoh/ frphv forvh wr pdwfklqj wklv e| vhwwlqj wkh ￿uvw irxu sdudphwhuv
doo htxdo wr 319; +wkdw lv/ jZ@7, / wkh || sdudphwhu htxdo wr 418:/ dqg wkh rwkhu sdudphwhuv htxdo
wr }hur1 Ehfdxvh wkh Wd|oru uxoh kdv uhfhlyhg vr pxfk dwwhqwlrq/ lw lv dovr lqwhuhvwlqj wr qrwh
wkdw dfurvv doo ri wkh wdeohv wkh sdudphwhuv iru rxu O+￿ ￿|>| |, Wd|oru0w|sh uxohv duh idluo| kljk1
Lqvwhdg ri wkh ruljlqdo Wd|oru uxoh sdudphwhuv ri 418 rq lq dwlrq +jZ, dqg 318 rq rxwsxw +j+,/ rxu
rswlpdo O+￿ ￿|>| |, uxohv vhwv wkhvh sdudphwhuv deryh 5 dqg 4/ uhvshfwlyho|/ lq doo ri wkh wdeohv163
Vhfrqg/ lq glvwlqfw frqwudvw wr wkh vlpsoh uxohv wkdw lqfoxgh frqwhpsrudqhrxv rxwsxw jdsv/
wkh vlpsoh lqvwuxphqw uxohv wkdw uhvsrqg rqo| wr lq dwlrq iruhfdvwv gr txlwh srruo|￿hyhq zkhq
wkh zhljkw rq rxwsxw vwdelol}dwlrq lv vpdoo/ dv lq wdeoh 71 Ri frxuvh/ wkh rswlpdo uxoh grhv lqfoxgh
odujh frh!flhqwv rq rxwsxw/ exw suhvxpdeo| wkhvh uh hfw lq odujh sduw wkh lq dwlrq0iruhfdvwlqj
surshuwlhv ri rxwsxw +hvshfldoo| iru orz ￿,1 Krzhyhu/ wkh vlpsoh lqvwuxphqw uxohv O+￿ ￿|nH￿|+l|3￿,,
dqg V+￿ ￿|nH￿|+l|3￿,, wkdw lqfrusrudwh rqo| ixwxuh lq dwlrq gr qrw iduh yhu| zhoo1 Rqh pljkw
frqmhfwxuh wkdw wkhvh uxohv gr srruo| ehfdxvh ri wkh phfkdqlfdo qdwxuh ri wkh iruhfdvwv xvhg/
zklfk duh vlpsoh surmhfwlrqv dvvxplqj d frqvwdqw qrplqdo ixqgv udwh1 Krzhyhu/ wkh V+￿|nH￿|,
uxoh/ zklfk frqglwlrqv wkh lq dwlrq iruhfdvw rq d wlph0ydu|lqj/ uxoh0frqvlvwhqw lqwhuhvw0udwh sdwk/
grhv olwwoh ehwwhu wkdq wkh V+￿ ￿|nH￿|+l|3￿,, uxoh1 Pruh olnho|/ wkh uhvwulfwhg idvklrq lq zklfk wkh
lq dwlrq iruhfdvwv hqwhu wkh uxoh￿wkh lqvwuxphqw uhvsrqgv rqo| wr wkh ghyldwlrq ehwzhhq wkh
iruhfdvw dqg wkh lq dwlrq wdujhw￿lv wr eodph1 Wklv looxvwudwhv zkdw zdv hpskdvl}hg lq vhfwlrq
61:17/ qdpho| wkdw wkhvh uxohv duh qrw ￿uvw0rughu frqglwlrqv wr rxu orvv ixqfwlrq1 Krzhyhu/ qrwh
wkdw wkhvh uxohv gr ehwwhu iru d vpdoohu ￿ +wdeoh 7, dqg zruvh iru d odujhu ￿ +wdeoh 8,1 Wklv
lqglfdwhv wkdw wkh| duh forvhu wr d ￿uvw0rughu frqglwlrq ri d orvv ixqfwlrq wkdw rqo| lqyroyhv
lq dwlrq vwdelol}dwlrq dqg lqwhuhvw0udwh vprrwklqj164
Wklug/ wkh lq dwlrq0iruhfdvw wdujhwlqj uxohv shuirup txlwh zloo jlyhq hqrxjk  h{lelolw| dqg
lqwhuhvw0udwh0vprrwklqj delolw|1 Wkh ILIWV uxoh + h{leoh lq dwlrq0iruhfdvw wdujhwlqjzlwkvprrwk0
lqj, lv hvvhqwldoo| deoh wr pdwfk wkh shuirupdqfh ri wkh V+￿ ￿|nH￿|+l|3￿,>| |, uxoh￿dqg khqfh wkh
rswlpdo uxoh￿lq doo fdvhv h{fhsw zkhq wkhuh lv d yhu| kljk zhljkw rq rxwsxw vwdelol}dwlrq +wdeoh
8,1 Dfurvv doo ri wkh wdeohv/ wkh ehvw lq dwlrq0iruhfdvw krul}rq wr xvh zlwk wklv uxoh lv xvxdoo| 45
txduwhuv exw vrphwlphv ; txduwhuv1 Wkh LIW uxohv zlwkrxw lqwhuhvw0udwh vprrwklqj duh khdylo|
shqdol}hg e| wkh frvw ri odujh fkdqjhv lq wkh qrplqdo lqwhuhvw0udwh lqvwuxphqw1 Qrwh wkdw wklv lv
63 Edoo +4<<:,/ lq d vlpsoh/ fdoleudwhg wkhruhwlfdo prgho vlplodu wr rxu rzq/ dujxhv wkdw wkh rswlpdo Wd|oru0w|sh
uxoh vkrxog kdyh kljkhu frh!flhqwv wkdq wkh ruljlqdo Wd|oru uxoh1 Krzhyhu/ Edoo dovr dujxhv wkdw lq wkh rswlpdo
uxoh wkh rxwsxw sdudphwhu vkrxog eh odujhu wkdq wkh lq dwlrq sdudphwhu/ zklfk lv jhqhudoo| frqwudu| wr rxu uhvxowv1
64 Wkh ohqjwk ri wkh iruhfdvw krul}rq +W, lq wkh V+Z|nA￿|, uxoh pdnhv rqo| d prghvw frqwulexwlrq1 Wkdw lv/ wkh
wdujhwlqj krul}rq wudgh0r￿ glvfxvvhg lq Kdogdqh ^6:‘ lv uhodwlyho| prghvw lq rxu prgho zlwk wklv uxoh1
58wuxh hyhq lq wdeoh 9 zkhq wkh frvw ri yduldelolw| ri lqwhuhvw0udwh fkdqjh lv txlwh orz1
Wr dxjphqw wkh wdeohv/ ￿jxuh 5 vkrzv wkh wudgh0r￿v ehwzhhq lq dwlrq yduldelolw| dqg rxwsxw
jds yduldelolw| wkdw uhvxow iru ydu|lqj wkh zhljkw rq rxwsxw vwdelol}dwlrq +￿, iurp 3 wr 43 dqg
dvvxplqj ￿ @ 3=8165 Wkh wudgh0r￿ uhvxowlqj iurp wkh rswlpdo uxoh lv vkrzq dv d vrolg olqh1 Iru
lqfuhdvlqj ￿/ wkh rswlpdo uxoh fruuhvsrqgv wr srlqwv ixuwkhu vrxwkhdvw rq wkh fxuyh1 Wkh gdvkhg
olqhv fruuhvsrqg wr wkh vprrwklqj uxohv V+￿ ￿|>| |,/ V+￿ ￿|nH￿|+l|3￿,,/ V+￿|nH￿|,/ dqgV+￿ ￿|nH￿|+l|3￿,>| |,1
Rqo| wkh odvw ri wkhvh lv frqvlvwhqwo| forvh wr wkh rswlpdo uxoh1 Qrwh wkdw V+￿|nH￿|, lv forvh wr
wkh rswlpdo uxoh iru vpdoo ￿1
Dovr/ wkh wuldqjoh vkrzv wkh vdpsoh +4<93=4￿4<<9=5, vwdqgdug ghyldwlrq ri lq dwlrq dqg wkh
rxwsxw jds1 Wkh flufoh vkrzv wkh vwdqgdug ghyldwlrqv wkdw uhvxow iurp dq hvwlpdwhg Wd|oru0
w|sh uxoh iru wkh vdpsoh 4<;8=4￿4<<9=5 +zlwk jZ @4 = :9 dqg j+ @3 = :7,1 Wkh vtxduh vkrzv wkh
vwdqgdug ghyldwlrqv wkdw uhvxow iurp wkh Wd|oru uxoh +zlwk jZ @4 = 8dqg j+ @3 = 8 ,1
Wkh wudgh0r￿v iurp  h{leoh lq dwlrq0iruhfdvw wdujhwlqj zlwk vprrwklqj +ILIWV, dw ;/ 45/
dqg 49 txduwhu krul}rqv duh vkrzq dv wkh gdvkhg0grwwhg olqhv1 Iru W @;txduwhuv/ wkh wudgh0r￿
lv frqvlvwhqwo| forvh wr wkdw ri wkh rswlpdo uxoh1
Wkh wudgh0r￿v iurp wkh  h{leoh lq dwlrq0iruhfdvw wdujhwlqj zlwkrxw vprrwklqj +ILIW, vkrzq
dv wkh grwwhg olqhv1 D vkruwhu krul}rq W lv dvvrfldwhg pruh zlwk ohvv rxwsxw yduldelolw| wkdq
zlwk ohvv lq dwlrq yduldelolw| +fi1 wdeoh 6,1
Ilqdoo|/ ￿jxuhv 6 dqg 7 jlyh wkh g|qdplf lpsxovh uhvsrqvhv ri wkh prgho xqghu ydulrxv
rswlpdo vlpsoh vprrwklqj uxohv dqg wdujhwlqj uxohv/ uhvshfwlyho|1 Doo ri wkh uxohv kdyh eurdgo|
vlplodu ihdwxuhv/ hvshfldoo| d odujh txlfn lqwhuhvw0udwh ulvh lq uhvsrqvh wr d srvlwlyh lq dwlrq ru
rxwsxw vkrfn166 Wkhuh duh/ krzhyhu/ vrph vxewoh exw whoolqj gl￿huhqfhv dprqj wkh uxohv1 Lq
￿jxuh 6/ wkh V+￿|nH￿|, uxoh/ zklfk frqvlghuv rqo| wkh lq dwlrq iruhfdvw/ kdv wkh ploghvw uhvsrqvh
wr dq rxwsxw vkrfn/ zklfk doorzv lq dwlrq +wkurxjk wkh Skloolsv fxuyh, wr jhw d elw pruh rxw
ri frqwuro/ dqg uhtxluhv d voljkwo| orqjhu vorzgrzq lq rxwsxw wr frpshqvdwh1 Lq ￿jxuh 7/ wkh
lq dwlrq0wdujhwlqj uxohv zlwkrxw vprrwklqj vkrz odujh lqlwldo lqwhuhvw0udwh vslnhv lq uhvsrqvh wr
wkh vkrfnv1 Zlwk vprrwklqj/ krzhyhu/ wkh ILIWV uxoh lv deoh wr plplf wkh kxps0vkdshg sdwwhuq
ri lqwhuhvw udwhv ri wkh vprrwklqj lqvwuxphqw uxohv1
65 Dowkrxjk sorwv ri vxfk wudgh0r￿v duh frpprq lq wkh olwhudwxuh/ wkh| vzhhs lqwhuhvw udwh vprrwklqj frqvlghu0
dwlrqv xqghu wkh uxj/ vr zh kdyh vrph suhihuhqfh iru wkh wdexodu uhvxowv1
66 Qrwh wkh juhdw frqwudvw ehwzhhq ￿jxuhv 6 dqg 7 dqg wkh ohiw wzr froxpqv ri ￿jxuh 41 Djdlq/ wkh srru uhvxowv
lq ￿jxuh 4 fdq eh wudfhg wr wkh plvvshfl￿fdwlrq ri wkh YDU lqwhuhvw udwh htxdwlrq1
597151 Frpprq Frqihuhqfh Uxohv
Lq wklv vxevhfwlrq/ zh frqvlghu wkh ￿yh uxohv wkdw duh wr eh frpprq dfurvv doo ri wkh lqyhvwljdwlrqv
dw wklv frqihuhqfh1 Wkhvh uxohv dqg rxu uhvxowv rq yrodwlolw| dqg orvv +dvvxplqj ￿ @ 4 dqg ￿ @3 = 8 ,
duh vxppdul}hg lq wdeoh ;1 Wkh uhvxowv zlwk odjjhg lqirupdwlrq/ zklfk duh vkrzq lq wkh orzhu
kdoi ri wdeoh ;/ duh txdolwdwlyho| wkh vdph dv wkrvh zlwk frqwhpsrudqhrxv lqirupdwlrq/ vr zh
frqfhqwudwh rq wkh odwwhu1
Iluvw/ frqvlghu wkh wzr ohyho uxohv +lq rxu whuplqrorj|, wkdw duh frpprq1 Uxoh LLL+4, dqg
LY+4, kdyh pxfk zhdnhu lq dwlrq dqg rxwsxw uhvsrqvh frh!flhqwv wkdq rxu rswlpdo O+￿ ￿|>| |,
uxoh +lq wdeoh 6,/ dqg lq dwlrq yduldelolw| xqghu wkh frpprq uxohv lv pxfk odujhu wkdq zlwk wkh
rswlpdo rqhv/ zkloh rxwsxw yduldelolw| lv voljkwo| orzhu dqg yduldelolw| ri lqwhuhvw0udwh fkdqjhv lv
derxw wkh vdph1 Wkh sdudphwhuv ri wkh frpprq frqihuhqfh uxohv frxog rqo| eh rswlpdo iru d
yhu| odujh ￿ +pxfk juhdwhu wkdq 43,1
Vhfrqg/ wkh vhw ri frpprq frqihuhqfh uxohv lqfoxghg 5 gl￿huhqfh uxohv dqg rqh vprrwklqj
uxoh zlwk k @4 = 6 1 Qrqh ri wkhvh uxohv surylghg g|qdplfdoo| vwdeoh vroxwlrqv lq rxu prgho1 Qrwh
wkdw wkh rswlpdo ydoxh ri k iru uxoh V+￿ ￿|>| |, htxdov 3147 lq wdeoh 6 dqg lv khqfh qrw forvh wr rqh1
Wkh rswlpdo gl￿huhqfh uxoh G+￿ ￿|>| |, wkdw lv vkrzq lq wdeoh ; uhtxluhv yhu| orz frh!flhqwv lq
rughu wr hqvxuh vwdelolw|1 Hyhq vr lwv shuirupdqfh lv txlwh srru167
7161 D Qrq0Qhjdwlyh Qrplqdo Lqwhuhvw0Udwh Frqvwudlqw
Lq wklv vxevhfwlrq/ zh frqvlghu wkh rffxuuhqfh ri qhjdwlyh qrplqdo lqwhuhvw udwhv1 Qhjdwlyh
qrplqdo lqwhuhvw udwhv/ dowkrxjk kljko| lpsodxvleoh lq sudfwlfh/ duh doprvw qhyhu h{foxghg lq
srolf| uxoh dqdo|vhv dqg rxu vwxg| lv qr h{fhswlrq1 Dv qrwhg lq vhfwlrq 5/ rxu prgho kdv pdq|
pxfk0ghedwhg vlpsol￿fdwlrqv> krzhyhu/ rqh ri lwv ohdvw ghedwhg dssur{lpdwlrqv lv lwv frpsohwho|
olqhdu qdwxuh zlwk lwv v|pphwu| zlwk uhvshfw wr }hur iru doo txdqwlwlhv lqfoxglqj qrplqdo lqwhuhvw
udwhv1 Lqghhg/ lw lv vwudljkwiruzdug wr fdofxodwh wkh xqfrqglwlrqdo suredelolw| ri rewdlqlqj d
qhjdwlyh qrplqdo ixqgv udwh iru dq| jlyhq uxoh1 Iru h{dpsoh/ dvvxplqj dq lq dwlrq wdujhw ri 5
shufhqw dqg dq htxloleulxp uhdo ixqgv udwh ri 518 shufhqw +zklfk lv rewdlqhg iurp wkh hvwlpdwhg
frqvwdqw whup lq wkh LV fxuyh uhjuhvvlrq zlwkrxw gh0phdqhg gdwd,/ prvw ri wkh rswlpl}hg uxohv
lq wdeoh 6 jlyh derxw d 53 shufhqw suredelolw| ri d qhjdwlyh lqwhuhvw udwh1 Fohduo|/ wkhvh uxohv
dvvxph wkdw qrplqdo lqwhuhvw udwhv zrxog eh qhjdwlyh d qrq0qhjoljleoh sursruwlrq ri wkh wlph1
67 Lq udwlrqdo h{shfwdwlrqv prghov/ gl￿huhqfh uxohv dsshdu wr shuirup pxfk ehwwhu/ h1j1/ Ixkuhu dqg Prruh ^68‘
dqg Zlooldpv ^;4‘1
5:Vwloo/ iru srolf| uxoh dqdo|vlv/ zh ylhz wkh vlpsoh lpsrvlwlrq ri dq lqwhuhvw0udwh qrq0qhjdwlylw|
frqvwudlqw dv xqvdwlvidfwru| lq vhyhudo uhvshfwv1 Whfkqlfdoo|/ vxfk d qrqolqhdu frqvwudlqw uhqghuv
rxu dqdo|wlfdo phwkrgv gl!fxow li qrw lqihdvleoh/ wkrxjk vlpxodwlrq phwkrgv duh dydlodeoh/ vhh
Ixkuhu dqg Pdgljdq ^67‘ dqg Idlu dqg Krzuh| ^5:‘1 Pruh lpsruwdqwo|/ krzhyhu/ vxfk d frq0
vwudlqw/ e| olplwlqj wkh ghjuhh wr zklfk wkh fhqwudo edqn fdq frqgxfw h{sdqvlrqdu| prqhwdu|
srolf| dw orz lq dwlrq udwhv/ doprvw hqvxuhv g|qdplf lqvwdelolw| lq dq rwkhuzlvh olqhdu prgho168
Zh gr qrw ylhz vxfk lqvwdelolw| dv sodxvleoh1 Zh wklqn wkdw wkhuh duh dozd|v phfkdqlvpv e|
zklfk wkh fhqwudo edqn fdq vwlpxodwh wkh hfrqrp| hyhq li vkruw0whup udwhv duh qhdu }hur1 H{sdq0
vlrqdu| prqhwdu| srolf| frxogdozd|v eh frqgxfwhg e| wkh lqmhfwlrq ri uhvhuyhv wkurxjk sxufkdvhv
ri Wuhdvxu| vhfxulwlhv dw doo pdwxulwlhv + dwwhqlqj wkh hqwluh |lhog fxuyh,/ ru sxufkdvhv ri iruhljq
h{fkdqjh +xqvwhulol}hg lqwhuyhqwlrq,/ ru hyhq sxufkdvhv +ru ￿qdqflqj, ri frusrudwh ghehqwxuhv
dqg htxlw|169 Wkdw lv/ rxu prgho/ dowkrxjk qrw vwulfwo| wuxh/ pd| jlyh d idluo| dffxudwh slfwxuh ri
wkh srwhqwldo srzhu ri fhqwudo edqnv1 Krzhyhu/ lw pxvw eh dgplwwhg wkdw wkhuh lv olwwoh hpslulfdo
edvlv iru mxgjlqj wkh shuirupdqfh ri yhu| orz lq dwlrq hfrqrplhv lq rxu vdpsoh1
81 Frqfoxvlrqv
Dq hduo| zrunlqj wlwoh ri wklv sdshu zdv ￿Sudfwlfdo Lq dwlrq Wdujhwlqj￿/ e| zklfk zh phdqw
dq h{sorudwlrq ri sodxvleoh srolf| uxohv xvlqj d prgho ri d irup frpprq dw fhqwudo edqnv1 Lq
wklv vslulw/ rxu h{dplqdwlrq ri srolf| uxohv kdv ehhq lq sduw ghvfulswlyh/ dqg forvho| olqnhg wr
zkdw lq dwlrq0wdujhwlqj fhqwudo edqnv dfwxdoo| vhhp wr eh grlqj/ dv zhoo dv sduwo| suhvfulswlyh/
lqyroylqj vliwlqj dqg mxgjlqj dprqj ydulrxv uxohv1 Iurp wkh odwwhu shuvshfwlyh/ rxu uhvxowv
vxjjhvw wkdw fhuwdlq vlpsoh iruzdug0orrnlqj uxohv duh deoh wr shuirup txlwh zhoo1
Ri frxuvh/ rxu suhvfulswlyh uhvxowv derxw sduwlfxodu vlpsoh uxohv duh frqglwlrqdo xsrq rxu
sduwlfxodu prgho/ dqg wkhuh lv pxfk urrp iru h{whqvlrqv dqg lpsuryhphqwv1 Txhvwlrqv uhjdug0
lqj sdudphwhu xqfhuwdlqw| dqg vwuxfwxudo vwdelolw| duh fuxfldo ehiruh wkh uhvxowv fdq eh wdnhq
wrr vhulrxvo|> krzhyhu/ mxgjlqj mxvw iurp wkh uhvxowv ri wklv frqihuhqfh/ txhvwlrqv derxw prgho
xqfhuwdlqw| duh olnho| dq rughu ri pdjqlwxgh odujhu1 Sodxvleoh prgho yduldwlrq pd| vwuhqjwkhq
rxu frqfoxvlrqv1 Iru h{dpsoh/ rxu prgho lv edfnzdug0orrnlqj dqg kdv qr h{solflw uroh iru h{shf0
wdwlrqv dqg qr ￿fuhglelolw| h￿hfw￿ lq wkh Skloolsv fxuyh1 Dq h{shfwdwlrqv fkdqqho iru prqhwdu|
68 Lqwxlwlyho|/ zlwk dq hvwlpdwhg htxloleulxp uhdo ixqgv udwh ri 518 shufhqw/ li lq dwlrq hyhu idoov wr/ vd|/ 3￿
shufhqw/ wkhq zlwk d }hur qrplqdo ixqgv udwh/ wkh uhdo ixqgv udwh lv vwloo uhvwulfwlyh/ vr wkh rxwsxw jds ghfuhdvhv
dqg lq dwlrq idoov hyhq pruh1
69 Vhh wkh uhodwhg glvfxvvlrq lq Oherz ^7<‘1
5;wkurxjk wkh Skloolsv fxuyh zrxog prvw olnho| pdnh lq dwlrq hdvlhu wr frqwuro dqg pruh vhoi0
vwdelol}lqj xqghu lq dwlrq wdujhwlqj16: Lq wklv vhqvh/ uhodwlyh wr vrph ri wkh rwkhu sdshuv dw wklv
frqihuhqfh/ zh duh vwdfnlqj wkh fdugv djdlqvw lq dwlrq wdujhwlqj1 Qrqhwkhohvv/ wkhuh fdq eh qr
vxevwlwxwh wr dfwxdoo| lqyhvwljdwlqj wkh urexvwqhvv ri rxu uhvxowv dfurvv prgho vshfl￿fdwlrq1
Krzhyhu/ zh zrxog olnh wr hpskdvl}h wkdw d iruzdug0orrnlqj ghflvlrq iudphzrun iru lq dwlrq
wdujhwlqj fdq h{klelw urexvwqhvv wr prgho yduldwlrq1 Iru h{dpsoh/ dv phqwlrqhg deryh/ rqh
lpsohphqwdwlrq ri lq dwlrq0iruhfdvw wdujhwlqj lv wr fkrrvh iurp wkh vhw ri frqglwlrqdo lq dwlrq
iruhfdvwv +hdfk edvhg rq d sduwlfxodu sdwk iru wkh lqvwuxphqw, wkh rqh wkdw lv prvw frqvlvwhqw
zlwk wkh lq dwlrq wdujhw￿wkdw lv/ dssurdfkhv wkh lq dwlrq wdujhw dw dq dssursuldwh udwh/ klwv
wkh lq dwlrq wdujhw dw dq dssursuldwh krul}rq/ dqg pruh jhqhudoo|/ plqlpl}hv wkh orvv ixqfwlrq￿
dqg wkhq iroorz wkh fruuhvsrqglqj lqvwuxphqw sdwk1 Wkh frqvwuxfwlrq ri frqglwlrqdo iruhfdvwv ri
frxuvh ghshqgv rq wkh prgho xvhg/ exw wkh surfhgxuh lwvhoi lv urexvw wr nqrzq prgho yduldwlrq16;
Sxw gl￿huhqwo|/ wdujhwlqj uxohv doorz wkh frh!flhqwv ri wkh lpsolhg lqvwuxphqw uxohv wr fkdqjh
zlwk vwuxfwxudo vkliwv lq wkh prgho1 Lw lv wklv ghflvlrq iudphzrun wkdw zh kdyh wulhg wr fdswxuh
lq wkh rswlpdo wdujhwlqj uxoh lq vhfwlrq 61;14/ dqg lq wkh vlpsoh lq dwlrq0iruhfdvw wdujhwlqj uxohv
lq vhfwlrq 61;151 Lq frqwudvw/ dq| jlyhq rswlpdo h{solflw lqvwuxphqw uxoh ghshqgv rq wkh suhflvh
prgho dvvxphg/ dqg pd| eh udwkhu lpshuihfw iru d gl￿huhqw prgho> dq| jlyhq uhdvrqdeo| urexvw
h{solflw lqvwuxphqw uxoh pd| vwloo eh udwkhu lpshuihfw iru d vshfl￿f prgho1
6: Wkh dqdo|vlv lq Vyhqvvrq ^:8‘ ri lq dwlrq wdujhwlqj lq dq rshq hfrqrp| zlwk iruzdug0orrnlqj djjuhjdwh
ghpdqg dqg vxsso| frq￿upv wklv1
6; Lq d iruzdug0orrnlqj prgho/ frqvwuxfwlqj frqglwlrqdo lq dwlrq iruhfdvwv iru duelwudu| lqvwuxphqw sdwkv lpso|
vrph sureohpv wkdw duh qrw suhvhqw lq d edfnzdug0orrnlqj prgho1 Vyhqvvrq ^:7‘ surylghv d vroxwlrq1
5<D1 Xqfrqglwlrqdo yduldqfhv














@P￿ffP￿ .￿ ￿￿= +D15,
Zh fdq xvh wkh uhodwlrqv yhf+D . E,@yhf+D,.y h f+ E,dqg yhf+DEF,@+ F ￿￿D ,yhf+E,
rq +D15, +zkhuh yhf+D, ghqrwhv wkh yhfwru ri vwdfnhg froxpq yhfwruv ri wkh pdwul{ D/d q g￿




.y h f+ ￿ ￿￿,
@+ P ￿ P ,y hf+￿ ff,.y h f+ ￿ ￿￿,=
Vroylqj iru yhf+￿ff, zh jhw
yhf+￿ff,@^ L￿+ P￿P,‘
3￿yhf+￿￿￿,= +D16,
E1 Wkh rswlpdo lqvwuxphqw uxoh








zkhuh wkh <￿ < pdwul{ Y ixo￿oov wkh Ulffdwl htxdwlrq
Y @ T . Xi.i￿X￿ .i￿Ui . ￿P￿YP>











zkhuh ￿￿￿ @H^ y |y ￿
|‘lv wkh fryduldqfh pdwul{ ri wkh glvwxuedqfh yhfwru1
Iru ￿ @4wkh rswlpdo ydoxh ri +616, lv
H^O |‘ @ wudfh+Y￿￿￿,= +E15,
63F1 Dq lqirupdwlrq odj
Zlwk rxu vwdwh0vsdfh vhwxs/ wkh lqirupdwlrq odj lq +6149, uhtxluhv lqvhuwlqj ￿|3e dv d 43wk vwdwh







Wkhq wkh uhvwulfwlrq fdq eh zulwwhq
￿ j ￿ [| @ jZ￿ ￿|3￿ . j+||3￿
￿ j @ jZ+￿ h2Ge .
4
7
￿ h￿f,.j +￿ h S
￿ i @ k￿ h ..￿ j
l | @ ￿ i￿ [ |>
zkhuh ￿ j dqg ￿ i duh 4￿43 urz yhfwruv/ ￿ h￿ dqg ￿ h￿G& duh gh￿qhg dv h￿ dqg h￿G&/ h{fhsw wkdw wkh| duh
43￿4 yhfwruv1
G1 Dq lqvwuxphqw uxoh wkdw uhvsrqgv wr d uxoh0frqvlvwhqw lq dwlrq iruhfdvw
Vxssrvh W N 6 +zh ghdo zlwk W @5ehorz1, Wkhq zh kdyh wr zulwh wkh prgho lq vwdwh0vsdfh
irup zlwk iruzdug0orrnlqj yduldeohv1 Zh ￿uvw qrwh wkdw/ vlqfh lq rxu prgho wkh ￿uvw hohphqw lq
E lv }hur/ wkh ￿uvw htxdwlrq lq +617, lv
￿|n￿ @ D￿u[| .￿￿c|n￿> +G14,
zkhuh D￿u lv wkh urz yhfwru +d￿&,?
&’￿1W k h q ￿ | n￿ dqg ￿|n￿￿| @ D￿u[| duh suhghwhuplqhg1 Lq
rughu wr zulwh wkh v|vwhp lq vwdwh0vsdfh irup/ zh qrz gh￿qh wkh +W ￿ 5, ￿ 4 froxpq yhfwru ri
iruzdug0orrnlqj yduldeohv/ {| @+ { ,|,A32
,’￿ / zkhuh
{,| ￿ ￿|n,n￿￿| +G15,
iru o @4 >==>W ￿51 Revhuyh wkdw/ iru o @4 >===>W ￿6/ e| wkh odz ri lwhudwhg h{shfwdwlrqv/
{,c|n￿￿| @ {,n￿c|> +G16,
zkhuhdv iru o @ W ￿5 zh kdyh
{A32c|n￿￿| @ ￿|nA￿|= +G17,
64Htxdwlrq +G16, jlyhv xv W ￿ 6 htxdwlrqv iru wkh ￿uvw W ￿ 6 iruzdug0orrnlqj yduldeohv {,|/
o @4 >===>W ￿ 61 Zh dovr qhhg dq htxdwlrq iru {A32c|1 Ohdg htxdwlrq +G14, e| rqh shulrg/ dqg
wdnh h{shfwdwlrqv lq shulrg w/
{￿| ￿ ￿|n2￿| @ D￿u[|n￿￿| @ D￿u^D[| . E+kl|3￿ . *￿|nA￿|,‘ @ D￿u+ ￿ D[| . *E{A32c|n￿￿|,> +G18,
zkhuh
￿ D @ D. kEh.> +G19,








zklfk jlyhv xv wkh uhpdlqlqj htxdwlrq +qrwh wkdw D￿uE lv d vfdodu,1
Wkxv/ htxdwlrqv +G16, dqg +G1:, jlyh xv W ￿ 5 htxdwlrqv iru wkh W ￿ 5 iruzdug0orrnlqj
yduldeohv1 Zlwk uhjdug wr wkh suhghwhuplqhg yduldeohv/ zh xvh +617,/ +614:,/ +G17,/ +G19, dqg
+G1:, wr zulwh/
[|n￿ @ ￿ D[| . *E{A32c|n￿￿|
















































zkhuh x&/ n @ 4>===>q.W ￿5 lv dq 4￿+q.W ￿5, urz yhfwru zlwk hohphqw n htxdo wr xqlw| dqg
doo rwkhu hohphqwv htxdo wr }hur/ dqg zkhuh wkh +W ￿5,￿q pdwul{ G2￿ dqg wkh +W ￿5,￿+W ￿5,














zkhuh 3&f6 lv d n ￿p pdwul{ ri }hurv dqg L6 lv dq p ￿p lghqwlw| pdwul{1
65Wkh v|vwhp +G1<, fdq wkhq eh vroyhg zlwk wkh khos ri nqrzq dojrulwkpv/ iru lqvwdqfh wkh
rqh lq Nohlq ^7:‘1 Wkh vroxwlrq uhvxowv lq d +W ￿5,￿q pdwul{ K/ h{suhvvlqj wkh iruzdug0orrnlqj
yduldeohv dv d olqhdu ixqfwlrq ri wkh vwdwh0yduldeohv/
{| @ K[|= +G143,
Wkh g|qdplfv ri wkh suhghwhuplqhg yduldeoh duh wkhq jlyhq e|
[|n￿ @+ G ￿￿ . G￿2K,[| . y|n￿> +G144,
zkhuh G￿￿ dqg G￿2 duh wkh reylrxv vxepdwulfhv ri G1 Lw ixuwkhupruh iroorzv wkdw
{|n￿￿| @ G2￿[| . G22{| @+ G 2￿ . G22K,[|1
Iurp +614:, dqg +G17, iroorzv wkdw wkh htxloleulxp lqvwuxphqw uxoh fdq eh zulwwhq
l| @ i[|
i @ kh. . *x?nA 32+G2￿ . G22K,=
Wkhq zh fdq xvh i lq +61;, dqg +61<, dqg surfhhg dv lq wkh rwkhu fdvhv1 Wkh pdwul{ P lq +61;,
zloo ri frxuvh htxdo wkh pdwul{ +G￿￿ .G￿2K, lq +G144,1
Iru W @5 / e| +614:, dqg G18/ zh gluhfwo| jhw














66Wdeoh 41 Prgho Uhvsrqvhv wr d Ixqgv Udwh Lqfuhdvh
+Dqqxdo dyhudjh gl￿huhqfh iurp edvholqh lq shufhqwdjh srlqwv,
\hduv diwhu ixqgv udwh lqfuhdvh
45 6
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Lq dwlrq
PSV ￿=33 ￿=36 ￿=59
Rxu Prgho ￿=33 ￿=3; ￿=58
Qrwh= Wkh PSV uhvxowv duh iurp wdeoh LL14 lq Pdxvnrsi ^87‘1
Wdeoh 51 Prgho Vhohfwlrq Fulwhuld
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67Wdeoh 61 Uhvxowv rq Yrodwlolw| dqg Orvv zlwk Ydulrxv Uxohv
+￿ @4 >￿@3 = 8,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv Udqn
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68Wdeoh 71 Uhvxowv rq Yrodwlolw| dqg Orvv zlwk Ydulrxv Uxohv
+￿ @3 = 5 >￿@3 = 8,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv Udqn
Rswlpdo 41<: 5197 4188 917: 4
O+￿ ￿|>| |,
j Z @6 = 4:>j +@4 = 55
5133 5194 4198 91:4 43
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516: 515; 514: <133 4:
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V+￿ ￿|>| |,
j Z @5 = 67>j +@4 = 36>k@3 = 63
5133 5197 4189 9193 <
V+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@4 = 96>k@3 = 9<
41<: 51:8 4186 918; ;
V+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@4 = 75>j +@3 = 49>k@3 = :7
41<: 5197 4188 917; 5
V+￿|nA ￿|,
W @; >*@5 = 68>k@3 = 95 41<: 51:6 4186 9188 :
W @4 5 >*@6 = ;9>k@3 = :4 41<: 519< 4187 9183 8
W @4 9 >*@; = 66>k@3 = 7: 41<: 519; 4187 917< 7
VLIW+W,
W @; 4173 51;7 :177 64154 55
W @4 5 41;4 5177 6148 <175 4<
W @4 9 5154 515: 5136 :1<8 47
ILIW+W,
W @; >f@3 = 9< 5146 41;: 816; 4<19; 54
W @4 5 >f@3 = 57 41<< 5157 51;; <143 4;
W @4 9 >f@3 = 33 5154 515: 5136 :1<8 47
VLIWV+W,
W @; >k@3 = :4 4195 61;7 6167 44149 53
W @4 5 >k@3 = 93 41<6 51:7 4193 9184 9
W @4 9 >k@3 = 78 515; 516< 4158 :144 45
ILIWV+W,
W @; >f@3 = 86>k@3 = :< 41<; 519: 419: 91:7 44
W @4 5 >f@3 = 3;>k@3 = 93 41<; 5198 4185 917; 5
W @4 9 >f@3 = 33>k@3 = 78 515; 516< 4158 :144 45
69Wdeoh 81 Uhvxowv rq Yrodwlolw| dqg Orvv zlwk Ydulrxv Uxohv
+￿ @8 >￿@3 = 8,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv Udqn
Rswlpdo 5198 41;9 5169 591<< 4
O+￿ ￿|>| |,
j Z @5 = 48>j +@5 = 4:
519< 41;< 5149 5:179 7
O+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@5 = 46
519< 5155 41:3 66165 4:
O+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@5 = 57>j +@4 = 73
51;3 41;6 519< 5;14: :
V+￿ ￿|>| |,
j Z @4 = 59>j +@5 = 68>k@￿ 3 = 44
519; 41;; 515: 5:16< 6
V+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@5 = 36>k@3 = 39
519: 5156 418< 6615< 49
V+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@4 = :;>j +@4 = 5:>k@3 = 64
5198 41;: 5164 5:148 5
V+￿|nA ￿|,
W @; >*@5 = 95>k@￿ 3 = 48 5198 5154 4195 651;4 48
W @4 5 >*@6 = 49>k@￿ 3 = 44 5194 514< 4198 65139 45
W @4 9 >*@6 = <4>k@￿ 3 = 3< 518< 514; 419: 641:; 44
VLIW+W,
W @; 4173 51;7 :177 9<1;; 55
W @4 5 41;4 5177 6148 6:1;< 53
W @4 9 5154 515: 5136 6518< 46
ILIW+W,
W @; >f@3 = ;4 5197 41:3 8148 671:4 4;
W @4 5 >f@3 = 97 51:3 41<4 517< 5;194 ;
W @4 9 >f@3 = 77 51:< 5135 41:; 5<1;9 43
VLIWV+W,
W @; >k@3 = 68 4177 6137 813: 9413: 54
W @4 5 >k@3 = 48 41;5 517: 519< 6:183 4<
W @4 9 >k@3 = 35 5154 515: 41<< 6518< 46
ILIWV+W,
W @; >f@3 = ;3>k@3 = 85 5196 41;: 5185 5:17; 8
W @4 5 >f@3 = 97>k@3 = 55 51:4 41<8 41<7 5;148 9
W @4 9 >f@3 = 77>k@3 = 36 51:< 5136 41:4 5<1;8 <
6:Wdeoh 91 Uhvxowv rq Yrodwlolw| dqg Orvv zlwk Ydulrxv Uxohv
+￿ @4 >￿@3 = 4,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv Udqn
Rswlpdo 41<9 5145 6135 <158 4
O+￿ ￿|>| |,
j Z @6 = 76>j +@5 = 83
5134 514; 51:4 <184 8
O+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@6 = 79
5144 5168 51<< 431;9 53
O+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@6 = 74>j +@4 = 33
514; 5138 6186 4314; 44
V+￿ ￿|>| |,
j Z @5 = ;3>j +@5 = ;3>k@￿ 3 = 49
5133 5148 51<3 <179 7
V+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@6 = 48>k@3 = 64
41<7 517: 517: 43184 4;
V+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@5 = :<>j +@4 = 39>k@3 = 7:
41<9 5147 51<; <15< 5
V+￿|nA ￿|,
W @; >*@8 = 34>k@￿ 3 = 34 41<7 5178 517< 4316: 46
W @4 5 >*@: = <<>k@3 = 39 41<5 5174 5188 43146 <
W @4 9 >*@4 6 = 99>k@3 = 3< 41<4 516< 518; 43137 ;
VLIW+W,
W @; 4173 51;7 :177 48187 55
W @4 5 41;4 5177 6148 4314< 45
W @4 9 5154 515: 5136 43174 47
ILIW+W,
W @; >f@3 = 94 41<8 41<: 8187 431:8 4<
W @4 5 >f@3 = 5: 5135 5154 51;7 <1:; :
W @4 9 >f@3 = 33 5154 515: 5136 43174 47
VLIWV+W,
W @; >k@3 = 67 4176 6136 8147 461;9 54
W @4 5 >k@3 = 44 41;5 5179 51;3 43148 43
W @4 9 >k@3 = 39 5153 5159 5148 43174 47
ILIWV+W,
W @; >f@3 = 93>k@3 = 78 41<8 5146 613; <163 6
W @4 5 >f@3 = 5:>k@3 = 46 5136 5156 5179 <1:6 9
W @4 9 >f@3 = 33>k@￿ 3 = 39 5153 5159 5148 43174 47
6;Wdeoh :1 Uhvxowv rq Yrodwlolw| dqg Orvv zlwk Ydulrxv Uxohv
+￿ @4 >￿@4 ,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv Udqn
Rswlpdo 515: 515< 4166 4514: 4
O+￿ ￿|>| |,
j Z @5 = 77>j +@4 = 56
515< 515; 4175 4517< ;
O+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@5 = 57
5193 5157 41:< 471<< 4:
O+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@5 = 56>j +@3 = 3:
5194 5153 41;5 471<: 49
V+￿ ￿|>| |,
j Z @4 = 45>j +@4 = 37>k@3 = 5:
515< 5163 4167 45166 7
V+￿ ￿|nA￿|+l|3￿,,
W @; >j Z@4 = 7:>k@3 = 87
515: 517: 4157 451;5 45
V+￿ ￿|nA￿|+l|3￿,>| |,
W @; >j Z@4 = 4;>j +@3 = 63>k@3 = 98
515: 5163 4167 4514; 5
V+￿|nA ￿|,
W @; >*@4 = <5>k@3 = 78 5159 5178 4158 451:4 43
W @4 5 >*@5 = 85>k@3 = 83 5158 5175 4159 45187 <
W @4 9 >*@6 = 96>k@3 = 86 5158 5174 415: 4517; :
VLIW+W,
W @; 4173 51;7 :177 9815< 55
W @4 5 41;4 5177 6148 4<146 4<
W @4 9 5154 515: 5136 47144 48
ILIW+W,
W @; >f@3 = :: 5178 41:8 8154 6914< 54
W @4 5 >f@3 = 7: 5163 5137 5197 49176 4;
W @4 9 >f@3 = 45 5165 5153 41<8 47135 47
VLIWV+W,
W @; >k@3 = 99 4189 6195 6187 5;13; 53
W @4 5 >k@3 = 89 41<4 51:3 419; 461:: 46
W @4 9 >k@3 = 78 515; 516< 4158 4517: 9
ILIWV+W,
W @; >f@3 = 9<>k@3 = :< 515; 5166 417: 451:: 44
W @4 5 >f@3 = 73>k@3 = 8< 515: 5164 4164 4514< 6
W @4 9 >f@3 = 38>k@3 = 78 5165 5169 4156 45179 8
6<Wdeoh ;1 Uhvxowv iru Frqihuhqfh Uxohv
+￿ @4 >￿@3 = 8,
Uxoh Vwg^￿ ￿|‘ Vwg^||‘ Vwg^l| ￿ l|3￿‘ Orvv
d1 Zlwk Frqwhpsrudqhrxv Lqirupdwlrq> l| @ kl|3￿ . jZ￿ ￿| . j+||
Uxoh L+4,> G+￿ ￿|>| |, G|qdplfdoo| xqvwdeoh
jZ @6 = 33>j +@3 = ;3>k@4 = 33
Uxoh LL+4,> G+￿ ￿|>| |, G|qdplfdoo| xqvwdeoh
jZ @4 = 53>j +@4 = 33>k@4 = 33
Uxoh LLL+4,> O+￿ ￿|>| |, 6179 5158 31:4 4:158
jZ @4 = 83>j +@3 = 83>k@3 = 33
Uxoh LY+4,> O+￿ ￿|>| |, 6185 41<; 4136 491;9
jZ @4 = 83>j +@4 = 33>k@3 = 33
Uxoh Y+4,> V+￿ ￿|>| |, G|qdplfdoo| xqvwdeoh
jZ @4 = 53>j +@3 = 39>k@4 = 63
Rswlpdo O+￿ ￿|>| |, 514; 5157 41:7 4415:
jZ @5 = :5>j +@4 = 8:>k@3 = 33
Rswlpdo G+￿ ￿|>| |, 61;8 61;3 413: 63175
jZ @3 = 3:>j +@3 = 5:>k@4 = 33
e1 Zlwk Odjjhg Lqirupdwlrq> l| @ kl|3￿ . jZ￿ ￿|3￿ . j+||3￿
Uxoh L+5,> G+￿ ￿|3￿>| |3￿, G|qdplfdoo| xqvwdeoh
jZ @6 = 33>j +@3 = ;3>k@4 = 33
Uxoh LL+5,> G+￿ ￿|3￿>| |3￿, G|qdplfdoo| xqvwdeoh
jZ @4 = 53>j +@4 = 33>k@4 = 33
Uxoh LLL+5,> O+￿ ￿|3￿>| |3￿, 6195 5173 31:5 4<13:
jZ @4 = 83>j +@3 = 83>k@3 = 33
Uxoh LY+5,> O+￿ ￿|3￿>| |3￿, 6196 5147 4137 4;15<
jZ @4 = 83>j +@4 = 33>k@3 = 33
Uxoh Y+5,> V+￿ ￿|3￿>| |3￿, G|qdplfdoo| xqvwdeoh
jZ @4 = 53>j +@3 = 39>k@4 = 63
Rswlpdo O+￿ ￿|3￿>| |3￿, 516; 5177 419< 46136
jZ @5 = 83>j +@4 = 83>k@3 = 33
Rswlpdo G+￿ ￿|3￿>| |3￿,
j Z @3 = 37>j +@3 = 54>k@4 = 33 71<9 7154 31;: 751:8
73Uhihuhqfhv
^4‘ Dqguhzv/ Grqdog Z1N1 +4<<6,/ ￿Whvwv iru Sdudphwhu Lqvwdelolw| dqg Vwuxfwxudo Fkdqjh
zlwk Xqnqrzq Fkdqjh Srlqw/￿ Hfrqrphwulfd/ 94+7,/ ;540;891
^5‘ Edoo/ Odxuhqfh +4<<7,/ ￿Zkdw Ghwhuplqhv wkh Vdful￿fh UdwlrB/￿ lq Q1 Juhjru| Pdqnlz/
hg1/ Prqhwdu| Srolf|/ Xqlyhuvlw| ri Fklfdjr Suhvv/ 48804;51
^6‘ Edqn iru Lqwhuqdwlrqdo Vhwwohphqwv +4<<8,/ Ilqdqfldo Vwuxfwxuh dqg wkh Prqhwdu| Srolf|
Wudqvplvvlrq Phfkdqlvp/ +Edvoh/ Vzlw}huodqg,1
^7‘ Ehuqdqnh/ Ehq V1/ dqg Iuhghulf V1 Plvknlq +4<<:,/ ￿Lq dwlrq Wdujhwlqj= D Qhz Iudphzrun
iru Prqhwdu| Srolf|B￿ Mrxuqdo ri Hfrqrplf Shuvshfwlyhv 44/ <:04491
^8‘ Ehuqdqnh/ EhqV1/ dqgPlfkdho Zrrgirug +4<<:,/ ￿Lq dwlrq Iruhfdvwv dqgPrqhwdu| Srolf|/￿
Mruqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj 5</ 98609;71
^9‘ Eodfn/ Ulfkdug/ Ylqfhq}r Fdvvlqr/ Ddurq Guhz/ Hulf Kdqvhq/ Ehqmdplq Kxqw/ Gdylg Urvh/
dqg Dodvgdlu Vfrww +4<<:,/ ￿Wkh Iruhfdvwlqj dqg Srolf| V|vwhp= Wkh Fruh Prgho/￿ Uh0
vhdufk Sdshu Qr1 76/ Uhvhuyh Edqn ri Qhz ]hdodqg/ Zhoolqjwrq1
^:‘ Eodfn/ Ulfkdug/ Wl￿ Pdfnohp/ dqg Gdylg Urvh +4<<:,/ ￿Rq Srolf| Uxohv iru Sulfh Vwdelolw|/￿
Edqn ri Fdqdgd/ Zrunlqj Sdshu1
^;‘ Eodnh/ Dqguhz S1/ dqg Shwhu I1 Zhvwdzd| +4<<9,/ ￿Fuhglelolw| dqg wkh H￿hfwlyhqhvv ri
Lq dwlrq Wdujhwlqj Uhjlphv/￿ Pdqfkhvwhu Vfkrro Vxssohphqw/ 530831
^<‘ Eolqghu/ Dodq V1 +4<<:,/ Fhqwudo Edqnlqj lq Wkhru| dqg Sudfwlfh= Wkh 4<<9 Ureelqv Ohf0
wxuhv/ PLW Suhvv/ Fdpeulgjh/ iruwkfrplqj 4<<:1
^43‘ Erp￿p/ Dqwxolr Q1/ dqg Johqq G1 Uxghexvfk/ +4<<:,/ ￿Rssruwxqlvwlf dqg Gholehudwh Glv0
lq dwlrq Xqghu Lpshuihfw Fuhglelolw|/￿ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ pdqxvfulsw1
^44‘ Eudxq/ Vwhyhq +4<<3,/ ￿Hvwlpdwlrq ri Fxuuhqw Txduwhu Jurvv Qdwlrqdo Surgxfw e| Srrolqj
Suholplqdu| Oderu Pdunhw Gdwd/￿ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv ;/ 5<606371
^45‘ Eud|wrq/ Iolqw/ dqg Hlohhq Pdxvnrsi +4<;:,/ ￿Vwuxfwxuh dqg Xvhv ri wkh PSV Txduwhuo|
Hfrqrphwulf Prgho ri wkh Xqlwhg Vwdwhv/￿ Ihghudo Uhvhuyh Exoohwlq :7/ <6043<1
74^46‘ Eud|wrq/ Iolqw/ dqg Shwhu Wlqvoh| +4<<9,/ ￿ Jxlgh wr IUE2XV= D Pdfurhfrqrphwulf Prgho
ri wkh Xqlwhg Vwdwhv/ ￿Ihghudo Uhvhuyh Erdug/ IHGV Zrunlqj Sdshu 4<<90751
^47‘ Eulwwrq/ Huln/ Sdxo Ilvkhu/ dqg Mrkq Zklwoh| +4<<;,/ ￿Wkh Lq dwlrq Uhsruw Surmhfwlrqv=
Xqghuvwdqglqj wkh Idq Fkduw/￿ Edqn ri Hqjodqg Txduwhuo| Exoohwlq/ 6;+4,/ 6306:1
^48‘ Eu|dqw/ Udosk F1/ Krrshu/ Shwhu/ dqg Fdwkhulqh O1 Pdqq +4<<6,/ ￿Hydoxdwlqj Srolf|
Uhjlphv dqg Dqdo|wlfdo Prghov= Edfnjurxqg dqg Surmhfw Vxppdu|/￿ lq Udosk F1 Eu|dqw/
Shwhu Krrshu dqg Fdwkhulqh O1 Pdqq/ hgv1/ Hydoxdwlqj Srolf| Uhjlphv= Qhz Uhvhdufk lq
Hpslulfdo Pdfurhfrqrplfv/ Wkh Eurrnlqjv Lqvwlwxwlrq/ Zdvklqjwrq G1F1
^49‘ Fhffkhwwl/ Vwhskhq J1 +4<<8,/ ￿Lq dwlrq Lqglfdwruv dqg Lq dwlrq Srolf|/￿ QEHU Pdfurhfr0
qrplfv Dqqxdo 43/ 4;<￿54<1
^4:‘ Fkrz/ J1F1 +4<:3,/ Dqdo|vlv dqg Frqwuro ri G|qdplf Hfrqrplf V|vwhpv/ Mrkq Zloh| dqg
Vrqv/ Qhz \run1
^4;‘ Fodulgd/ Ulfkdug/ Mrugl Jdol/ dqg Pdun Jhuwohu +4<<:,/ ￿Prqhwdu| Srolf| Uxohv dqg Pdfur0
hfrqrplf Vwdelolw|= Hylghqfh dqg Vrph Wkhru|/￿ Zrunlqj Sdshu/ Pd| 4<<:1
^4<‘ Fodulgd/ Ulfkdug/ Mrugl Jdol dqg Pdun Jhuwohu +4<<:,/ ￿Prqhwdu| Srolf| Uxohv lq Sudfwlfh=
Vrph Lqwhuqdwlrqdo Hylghqfh/￿ Zrunlqj Sdshu/ Mxqh 4<<:1
^53‘ Fodun/ Shwhu/ Grxjodv Od{wrq/ dqg Gdylg Urvh +4<<9,/ ￿Dv|pphwu| lq wkh X1V1 Rxwsxw0
Lq dwlrq Qh{xv/￿ LPI Vwd￿ Sdshuv 76/ 54905841
^54‘ Frohwwl/ Grqdog/ Ehqmdplq Kxqw/ Gdylg Urvh dqg Urehuw Whworz +4<<9,/ ￿Edqn ri Fdqdgd*v
Qhz Txduwhuo| Surmhfwlrq Prgho1 Sduw 6/ Wkh G|qdplf Prgho= TSP/￿ Whfkqlfdo Uhsruw
Qr1 :8/ Edqn ri Fdqdgd/ Rwwdzd1
^55‘ Frqjuhvvlrqdo Exgjhw R!fh +4<<8,/ ￿FER*v Phwkrg iru Hvwlpdwlqj Srwhqwldo Rxwsxw/￿
FER Phprudqgxp/ Rfwrehu 4<<8/ dydlodeoh dw kwws=22zzz1fer1jry1
^56‘ Fxuulh/ Gdylg/ dqg Sdxo Ohylqh +4<;7,/ ￿Vlpsoh Pdfursrolf| Uxohv iru wkh Rshq Hfrqrp|/￿
Hfrqrplf Mrxuqdo <8 +Vxssohphqw,/ 930:31
^57‘ Fxuulh/ Gdylg/ dqg Sdxo Ohylqh +4<<6,/ Uxohv/ Uhsxwdwlrq dqg Pdfurhfrqrplf Srolf| Fr0
ruglqdwlrq/ Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh1
75^58‘ gh Eurxzhu/ Jrugrq/ dqg Mdphv R*Uhjdq +4<<:,/ ￿Hydoxdwlqj Vlpsoh Prqhwdu|0srolf|
Uxohv iru Dxvwudold/￿ lq Orzh ^83‘1
^59‘ Glherog/ Iudqflv [1/ dqg Johqq G1 Uxghexvfk +4<<4,/ ￿Iruhfdvwlqj Rxwsxw Zlwk wkh Frp0
srvlwh Ohdglqj Lqgh{= D Uhdo0Wlph Dqdo|vlv/￿ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfl0
dwlrq ;9/ 93609431
^5:‘ Idlu/ Ud| F1/ dqg H1 Sklols Krzuh| +4<<9,/ ￿Hydoxdwlqj Dowhuqdwlyh Prqhwdu| Srolf|
Uxohv/￿ Mrxuqdo ri Prqhwdu| Hfrqrplfv 6;/ 4:604<61
^5;‘ Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| +4<<9,/ Dfklhylqj Sulfh Vwdelolw|/ Ihghudo Uhvhuyh
Edqn ri Ndqvdv Flw|1
^5<‘ Ilvfkhu/ Vwdqoh| +4<<9,/ ￿Zk| Duh Fhqwudo Edqnv Sxuvxlqj Orqj0Uxq Sulfh Vwdeolw|B￿ lq
Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘1
^63‘ Ihogvwhlq/ Pduwlq/ dqg Mdphv K1 Vwrfn +4<<7,/ ￿Wkh Xvh ri d Prqhwdu| Djjuhjdwh wr Wdujhw
Qrplqdo JGS/￿ lq Q1 Juhjru| Pdqnlz/ hg1/ Prqhwdu| Srolf|/ Xqlyhuvlw| ri Fklfdjr Suhvv/
:0951
^64‘ Iuhhgpdq/ Fkduohv +4<<9,/ ￿Zkdw Rshudwlqj Surfhgxuhv Vkrxog Eh Dgrswhg wr Pdlqwdlq
Sulfh Vwdelolw|B￿ lq Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘1
^65‘ Ixkuhu/ Mh￿uh| F1 +4<<8,/ ￿Wkh Skloolsv Fxuyh Lv Dolyh dqg Zhoo/￿ Qhz Hqjodqg Hfrqrplf
Uhylhz +Pdufk2Dsulo,/ 740891
^66‘ Ixkuhu/ Mh￿uh| F1 +4<<:,/ ￿Wkh +Xq,Lpsruwdqfh ri Iruzdug0Orrnlqj Ehkdylru lq Sulfh
Vshfl￿fdwlrqv/￿ Mrxuqdo ri Prqh|/ Fuhglw/ dqg Edqnlqj +Dxjxvw,/ 66;06831
^67‘ Ixkuhu/ Mh￿uh| F1/ dqg Euldq I1 Pdgljdq +4<<:,/ ￿Prqhwdu| Srolf| Zkhq Lqwhuhvw Udwhv
Duh Erxqghg dw ]hur/￿ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv :</ 8:608;81
^68‘ Ixkuhu/ Mh￿uh| F1/ dqg Jhrujh U1 Prruh +4<<8,/ ￿Prqhwdu| Srolf| Wudgh0R￿v dqg wkh
Fruuhodwlrq ehwzhhq Qrplqdo Lqwhuhvw Udwhv dqg Uhdo Rxwsxw/￿ Dphulfdq Hfrqrplf Uhylhz
;8/ 54<056<1
^69‘ Kdogdqh/ Dqguhz J1/ hg1 +4<<8,/ Wdujhwlqj Lq dwlrq/E d q nr iH q j o d q g /O r q g r q 1
^6:‘ Kdogdqh/ Dqguhz J1 +4<<:d,/ ￿Ghvljqlqj Lq dwlrq Wdujhwv/￿ lq Sklols Orzh/ hg1/ Prqhwdu|
Srolf| dqg Lq dwlrq Wdujhwlqj/ Uhvhuyh Edqn ri Dxvwudold/ Vlgqh|/ :704451
76^6;‘ Kdogdqh/ Dqguhz J1/ hg1 +4<<:e,/ ￿RqLq dwlrq0Wdujhwlqj lq wkh Xqlwhg Nlqjgrp/￿ Vfrwwlvk
Mrxuqdo ri Srolwlfdo Hfrqrp|/ iruwkfrplqj1
^6<‘ Kdogdqh/ Dqguhz J1/ dqg Qlfrohwwd Edwlql +4<<;,/ ￿Iruzdug0Orrnlqj Uxohv iru Prqhwdu|
Srolf|/￿ Zrunlqj Sdshu1
^73‘ Kdoopdq/ Mh￿uh| M1/ Ulfkdug G1 Sruwhu/ dqg Gdylg K1 Vpdoo/ +4<<4,/ ￿Lv wkh Sulfh Ohyho
Wlhg wr wkh P5 Prqhwdu| Djjuhjdwh lq wkh Orqj UxqB/￿ Dphulfdq Hfrqrplf Uhylhz ;4/
;740;8;1
^74‘ Khqghuvrq/ Gdoh Z1/ dqg Zduzlfn M1 PfNleelq +4<<6,/ ￿D Frpsdulvlrq ri Vrph Edvlf
Prqhwdu| Srolf| Uhjlphv iru Rshq Hfrqrplhv= Lpsolfdwlrqv ri Gl￿huhqw Ghjuhhv ri Lqvwux0
phqw Dgmxvwphqw dqg Zdjh Shuvlvwhqfh/￿ Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf
Srolf| 6</ 554064:1
^75‘ Khqghuvrq/ Gdoh Z1/ dqg Zduzlfn M1 PfNleelq +4<<6,/ ￿Dq Dvvhvvphqw ri Vrph Edvlf
Prqhwdu| Srolf| Uhjlph Sdluv= Dqdo|wlfdo dqg Vlpxodwlrq Uhvxowv iurp Vlpsoh Pxowl0
Uhjlrq Pdfurhfrqrplf Prghov/￿ lq Eu|dqw/ Krrshu dqg Pdqq ^48‘
^76‘ Mxgg/ Mrkq S1/ dqg Euldq Prwoh| +4<<5,/ ￿Frqwuroolqj Lq dwlrq zlwk dq Lqwhuhvw Udwh
Lqvwuxphqw/￿ Hfrqrplf Uhylhz/ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ Qr1 6/ 6￿551
^77‘ Mxgg/ Mrkq S1/ dqg Johqq G1 Uxghexvfk/ +4<<:,/ ￿Wd|oru*v Uxoh dqg wkh Ihg= D Wdoh ri
Wkuhh Fkdluphq/￿ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ pdqxvfulsw1
^78‘ Nlqj/ Phuy|q D1 +4<<7,/ ￿Prqhwdu| Srolf| lq wkh XN/￿ Ilvfdo Vwxglhv 48/ Qr1 6/ 43<￿45;1
^79‘ Nlqj/ Phuylq D1 +4<<9,/ ￿Krz Vkrxog Fhqwudo Edqnv Uhgxfh Lq dwlrqB￿Frqfhswxdo Lv0
vxhv/￿ lq Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘1
^7:‘ Nohlq/ Sdxo +4<<:,/ ￿Xvlqj wkh Jhqhudol}hg Vfkxu Irup wr Vroyh d V|vwhp ri Olqhdu H{0
shfwdwlrqdo Gl￿huhqfh Htxdwlrqv/￿ Zrunlqj Sdshu/ Lqvwlwxwh iru Lqwhuqdwlrqdo Hfrqrplf
Vwxglhv1
^7;‘ Ohlghupdq/ Ohrqdugr/ dqg Oduv H1R1 Vyhqvvrq/ hgv1 +4<<8,/ Lq dwlrq Wdujhwv/ Fhqwuh ri
Hfrqrqrplf Srolf| Uhvhdufk/ Orqgrq1
^7<‘ Oherz/ Gdylg H1 +4<<6,/ ￿Prqhwdu| Srolf| dw Qhdu ]hur Lqwhuhvw Udwhv/￿ Zrunlqj Sdshu
Qr1 469/ Glylvlrq ri Uhvhdufk dqg Vwdwlvwlfv/ Ihghudo Uhvhuyh Erdug1
77^83‘ Orzh/ Sklols/ hg1/ +4<<:,/ Prqhwdu| Srolf| dqg Lq dwlrq Wdujhwlqj/ Uhvhuyh Edqn ri Dxv0
wudold1
^84‘ Orqjzruwk/ Gdylg/ dqg Fkduohv Iuhhgpdq +4<<8,/ ￿Wkh Uroh ri wkh Vwd￿ Hfrqrplf Surmhf0
wlrq lq Frqgxfwlqj Prqhwdu| Srolf|/￿ lq Kdogdqh ^69‘1
^85‘ Oxfdv/ Urehuw H1 +4<:9,/ ￿Hfrqrphwulf Srolf| Hydoxdwlrq= D Fulwltxh/￿ Fduqhjlh0Urfkhvwhu
Frqihuhqfh Vhulhv rq Sxeolf Srolf| 4/ 4<0791
^86‘ Pdxvnrsi/ Hlohhq +4<<3,/ ￿Wkh Wudqvplvvlrq Fkdqqhov ri Prqhwdu| Srolf|= Krz Kdyh Wkh|
FkdqjhgB￿ Ihghudo Uhvhuyh Exoohwlq :9/ <;80433;1
^87‘ Pdxvnrsi/ Hlohhq +4<<8,/ ￿Wkh Prqhwdu| Wudqvplvvlrq Phfkdqlvp lq wkh Xqlwhg Vwdwhv=
Vlpxodwlrqv Xvlqj wkh Ihghudo Uhvhuyh Erdug*v PSV Prgho/￿ lq Ilqdqfldo Vwuxfwxuh dqg
wkh Prqhwdu| Srolf| Wudqvplvvlrq Phfkdqlvp/ Edqn iru Lqwhuqdwlrqdo Vhwwohphqwv +Edvoh/
Vzlw}huodqg,/ 89608;31
^88‘ Pd|hv/ Gdylg J1/ dqg Euhqgrq Ulfkhv +4<<9,/ ￿Wkh H￿hfwlyhqhvv ri Prqhwdu| Srolf| lq
Qhz ]hdodqg/￿ Uhvhuyh Edqn Exoohwlq 8<+4,/ 8￿531
^89‘ PfFdooxp/ Ehqqhww W1 +4<;;,/ ￿Urexvwqhvv Surshuwlhv ri d Uxoh iru Prqhwdu| Srolf|/￿
Fduqhjlh0Urfkhvwhu Frqihuhqfh Vhulhv rq Sxeolf Srolf| 5</ 4:605371
^8:‘ PfFdooxp/ Ehqqhww W1 +4<<:,/ ￿Lvvxhv lq wkh Ghvljq ri Prqhwdu| Srolf| Uxohv/￿ QEHU
Zrunlqj Sdshu Qr1 93491
^8;‘ Ph|hu/ Odxuhqfh K1 +4<<:,/ ￿Wkh Hfrqrplf Rxworrn dqg Fkdoohqjhv iru Prqhwdu| Srolf|/￿
Uhpdunv dw wkh Fkduorwwh Hfrqrplfv Foxe/ Fkduorwwh/ Qruwk Fdurolqd/ Mdqxdu| 491
^8<‘ Phuuldp0Zhevwhu +4<;;,/ Zhevwhu*v Qlqwk Qhz Froohjldwh Glfwlrqdu|/ Phuuldp0Zhevwhu1
^93‘ Rolqhu/ Vwhskhq G1/ Johqq G1 Uxghexvfk/ dqg Gdqlho Vlfkho +4<<9,/ ￿Wkh Oxfdv Fulwltxh
Uhylvlwhg= Dvvhvvlqj wkh Vwdelolw| ri Hpslulfdo Hxohu Htxdwlrqv iru Lqyhvwphqw/￿ Mrxuqdo
ri Hfrqrphwulfv :3/ 5<406491
^94‘ Uhvhuyh Edqn ri Qhz ]hdodqg +4<<:,/ Prqhwdu| Srolf| Vwdwhphqw/ Mxqh 4<<:/ Zhoolqjwrq1
^95‘ Urjr￿/ Nhqqhwk +4<;8,/ ￿Wkh Rswlpdo Ghjuhh ri Frpplwphqw wr dq Lqwhuphgldwh Prqhwdu|
Wdujhw/￿ Txduwhuo| Mrxuqdo ri Hfrqrplfv 433/ 449<￿44<31
78^96‘ Uxghexvfk/ Johqq G1 +4<<5,/ ￿Wuhqgv dqg Udqgrp Zdonv lq Pdfurhfrqrplf Wlph Vhulhv=
D Uh0H{dplqdwlrq/￿ Lqwhuqdwlrqdo Hfrqrplf Uhylhz 66/ 99409;31
^97‘ Uxghexvfk/ Johqq G1 +4<<8,/ ￿Ihghudo Uhvhuyh Lqwhuhvw Udwh Wdujhwlqj/ Udwlrqdo H{shfd0
wlrqv/ dqg wkh Whup Vwuxfwxuh/￿ Mrxuqdo ri Prqhwdu| Hfrqrplfv 68/ 57805:71
^98‘ Uxghexvfk/ Johqq G1 +4<<;,/ ￿Gr Phdvxuhv ri Prqhwdu| Srolf| lq d YDU Pdnh VhqvhB/￿
pdqxvfulsw/ Ihghudo Uhvhuyh Edqn ri Vdq Iudqflvfr/ iruwkfrplqj/ Lqwhuqdwlrqdo Hfrqrplf
Uhylhz1
^99‘ Vdujhqw/ Wkrpdv O1 +4<;:,/ G|qdplf Pdfurhfrqrplf Wkhru|/ Kduydug Xqlyhuvlw| Suhvv/
Fdpeulgjh PD1
^9:‘ Vlpv/ Fkulvwrskhu D1 +4<;5,/ ￿Srolf| Dqdo|vlv zlwk Hfrqrphwulf Prghov/￿ Eurrnlqjv Sdshuv
rq Hfrqrplf Dfwlylw| +4,/ 43:04851
^9;‘ Vphwv/ Iudqn +4<<8,/ ￿Fhqwudo Edqn Pdfurhfrqrphwulf Prghov dqg wkh Prqhwdu| Srolf|
Wudqvplvvlrq Phfkdqlvp/￿ lq Ilqdqfldo Vwuxfwxuh dqg wkh Prqhwdu| Srolf| Wudqvplvvlrq
Phfkdqlvp/ Edqn iru Lqwhuqdwlrqdo Vhwwohphqwv +Edvoh/ Vzlw}huodqg,/ 55805991
^9<‘ Vwhyhqv/ Johqq/ dqg Jx| Ghehooh +4<<8,/ ￿Prqhwdu| Srolf| Jrdov iru Lq dwlrq lq Dxvwudold/￿
lq Kdogdqh ^69‘1
^:3‘ Vyhqvvrq/ Oduv H1R1 +4<<9,/ ￿Frpphqwdu|= Krz Vkrxog Prqhwdu| Srolf| Uhvsrqg wr
Vkrfnv zkloh Pdlqwdlqlqj Orqj0Uxq Sulfh Vwdelolw|B￿Frqfhswxdo Lvvxhv/￿ lq Ihghudo Uh0
vhuyh Edqn ri Ndqvdv Flw| ^5;‘1
^:4‘ Vyhqvvrq/ Oduv H1R1 +4<<:d,/ ￿Lq dwlrq Iruhfdvw Wdujhwlqj= Lpsohphqwlqj dqg Prqlwrulqj
Lq dwlrq Wdujhwv/￿ Hxurshdq Hfrqrplf Uhylhz 74/ 4444044791
^:5‘ Vyhqvvrq/ Oduv H1R1 +4<<:e,/ ￿Lq dwlrq Wdujhwlqj lq dq Rshq Hfrqrp|= Vwulfw yv1 Lq dwlrq
Wdujhwlqj/￿ Sxeolf Ohfwxuh dw Ylfwruld Xqlyhuvlw| ri Zhoolqjwrq/ Uhvhuyh Edqn ri Qhz
]hdodqg Glvfxvvlrq Sdshu/ iruwkfrplqj1
^:6‘ Vyhqvvrq/ Oduv H1R1 +4<<:f,/ ￿Lq dwlrq Wdujhwlqj= Vrph H{whqvlrqv/￿ QEHU Zrunlqj
Sdshu Qr1 8<951
^:7‘ Vyhqvvrq/ Oduv H1R1 +4<<;d,/ ￿Lq dwlrq Wdujhwlqj dv d Prqhwdu| Srolf| Uxoh/￿ lq suhsdud0
wlrq1
79^:8‘ Vyhqvvrq/ Oduv H1R1 +4<<;e,/ ￿Rshq0Hfrqrp| Lq dwlrq Wdujhwlqj/￿ Zrunlqj Sdshu1
^:9‘ Wd|oru/ Mrkq E1 +4<:<,/ ￿Hvwlpdwlrq dqg Frqwuro ri d Pdfurhfrqrplf Prgho zlwk Udwlrqdo
H{shfwdwlrqv/￿ Hfrqrphwulfd 7:/ 459:045;91
^::‘ Wd|oru/ Mrkq E1 +4<<6,/ ￿Glvfuhwlrq yhuvxv Srolf| Uxohv lq Sudfwlfh/￿ Fduqhjlh0Urfkhvwhu
Frqihuhqfh Vhulhv rq Sxeolf Srolf| 6</ 4<805471
^:;‘ Wd|oru/ Mrkq E1 +4<<9,/ ￿Krz Vkrxog Prqhwdu| Srolf| Uhvsrqgwr Vkrfnv zkloh Pdlqwdlqlqj
Orqj0Uxq Sulfh Vwdelolw|￿Frqfhswxdo Lvvxhv/￿ lq Ihghudo Uhvhuyh Edqn ri Ndqvdv Flw| ^5;‘1
^:<‘ Zdovk/ Fduo H1 +4<<:,/ Prqhwdu| Wkhru| dqg Srolf|/ pdqxvfulsw1
^;3‘ Zdovk/ Fduo H1 +4<<:, ￿Dffrxqwdelolw|/ Uhodwlyh Shuirupdqfh Phdvxuhv/ dqg Lq dwlrq Wdu0
jhwlqj/￿ Zrunlqj Sdshu1
^;4‘ Zlooldpv/ Mrkq F1 +4<<:,/ ￿Vlpsoh Uxohv iru Prqhwdu| Srolf|/￿ Zrunlqj Sdshu/ Erdug ri



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Response of Output to an Inflation Shock
Response of Inflation to an Inflation Shock
Response of Interest Rate to an Inflation Shock
Response of Output to an Output Shock
Response of Interest Rate to an Output Shock
Response of Inflation to an Output Shock
Figure 3
Impulse Responses for Smoothing Rules
























































Response of Output to an Inflation Shock
Response of Inflation to an Inflation Shock
Response of Interest Rate to an Inflation Shock
Response of Output to an Output Shock
Response of Interest Rate to an Output Shock
Response of Inflation to an Output Shock
Figure 4
Impulse Responses for Inflation Targeting Rules 
(l = 1, n = 0.5)
SIFT(12)
FIFT(12)
FIFTS(12)
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